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Abstract
Elemental analysis of substances made of heavy elements and detection of light 
elements in heavy matrices are difficult by means of photon transmission techniques. 
Neutrons have been used in this work, taking unique advantage of their absorption and 
scattering properties, to detect the structure of industrial and biological objects made 
of strongly-neutron scattering or absorbing materials, or to study objects combining of 
high and low neutron cross section materials.
The most convenient matrices and impurities amenable to neutron inspection were 
searched by obtaining expressions for minimum detectable mass and length fraction of 
elements in an object. Formulae to calculate the minimum required number of neutrons 
to detect an impurity in a matrix have also been developed. The optimum sample 
thickness to be investigated with a minimum number of neutrons is likewise derived. 
Calculations have been carried out for the minimum detectable mass fraction of 
hydrogen in a number of sample matrices of industrial interest and of elements in a 
water matrix highlighting the differences with photon attenuation measurements. 
Results are presented for three neutron energies cold (0.001 eV), thermal (0.025 eV), 
and fast (14 MeV); concentrations in the parts per million range are demonstrated. 
Fast neutrons were used because of their high penetration ability, in order to study 
bulk industrial and biological samples and for their adequacy in detection of light 
elements such as H, C, N and O in large objects.
An attempt to simulate fast neutron transmission tomographs of biological samples 
was made using the MORSE-CGA Monte-Carlo code. The code was used to calculate 
transmission of multienergetic U-235 fast fission neutron source in a complex 
geometry for industrial and biological applications. A fast neutron collimator for
I
radiography, a collimator for brain tomography and a tomography chamber were 
simulated to design a technique to estimate the effect of scattered neutrons in practical 
tomography. The macroscopic cross section and mean free path of neutrons for the 
media of the heterogeneous matrices were also obtained by using microscopic cross 
sections of elements from the DLC-100G package. Using a multienergetie source 
provided an opportunity to determine the optimum neutron energy for examination of 
objects. The analysis requiredfstablishing a technique to calculate the fraction of 
neutrons in each energy group for the 100 group structure of the DLC-100G package. 
Finally the simulated neutron tomographic images were reconstructed by using the 
neutron transmission data for different angles of the object, and reconstructing them by 
the filtered back projection technique.
In nondestructive evaluation of medical organs by fast neutron simulation tomography 
the simulated tomographs of prototype biological objects were able to distinguish 
brain in skull, bone-marrow in bone and bone in soft tissue with good contrast up to 
0.42. These results are valuable to identify developing cystic lesions and daughter cyst 
within the marrow vascular spaces, solid bony tumors, aberrant masses in the facial 
bone, tumor in spine or other bone marrow abnormalities.
In studying component characterisation of industrial objects non-destructively by fast 
neutron tomography a 3mm diameter duct containing engine-oil was detected at 40 cm 
depth inside an aluminium combustion engine with a remarkable contrast of 0.35. 
The minimum detectable mass of oil in aluminium for an optimum neutron energy was 
0. Img/g with a similar result for iron.
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Chapter 1 
Introduction and summary
The imaging of the elemental concentration variations in a damaged industrial object may 
suggest the cause of the problem and the required repair or replacement of the damaged 
part. The imaging of the elemental concentration imbalances in a diseased organ may give 
information about the cause of the disease, suggest possible treatment or even cure.
The first attempt at imaging the internal structure of an object dates back to 1895 
following the discoveiy of x-rays by Rontgen. He obtained the first radiograph and 
distinguished a weld in a zinc plate. It was found later that the attenuation of x-rays in 
passing through matter increases smoothly as the atomic number increases. The 
discrimination, therefore, between two different materials with neighbouring atomic 
numbers is difficult by x-ray radiography and the internal inspection of heavy materials of 
thick section would also be difficult.
In 1932 Chadwick announced the discovery of the neutron (CHA.32). He also 
investigated the penetration of neutrons through dense matter and their interaction with 
hydrogenous materials. Thus he showed that the study of intensity changes of a
transmitted beam of neutrons provides a method of examining the internal structure of 
a different class of opaque objects. By neutron transmission imaging the capability of 
resolving low and high density materials in an object was made possible.
In 1942 Kallman succeeded in making the first neutron radiograph using a beam of 
neutrons from a point source with an exposure of 4 hours (KAL. 42). Continuing 
Kallman’s research in 1964, Berger pointed out the problem areas in which neutron 
radiography showed distinct advantages (BER.64). This led to a large number of 
applications of neutron radiography during the sixties and now it has become a well 
established routine inspection technique. However, planar radiographic techniques are 
limited due to the nature of the image production. The density variations in a radiograph 
represent the integrated interaction cross section over the entire path of radiation through 
the object. The details of the internal structure are easily hidden in this effective averaging.
Neutron transmission tomography is a technique capable of resolving this problem. It 
consists of image reconstruction from projections that allows two or three dimensional 
details to be retained and the object to be visualized in cross section, retaining the spatial 
distribution of radiation attenuation and thus the details of the object's internal structure. 
This was not possible before without physically destroying the object. The basic principle 
of reconstructive tomography involves the use of a pencil beam of radiation for imaging 
which does not enter other section of the object but traverses only the section under 
examination so that contributions from neighbouring sections are completely avoided 
(SEE. 82). If sufficient projections are obtained, the distribution of the physical quantity 
within the section may be determined quantitatively with the required resolution. The 
reconstruction of the image from its projections is a mathematical process usually
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performed using a computer. The advantages of neutron tomography over x-ray 
radiography were realized in the late 1970s when prototype systems were assembled and 
computerized axial tomography for neutron radiography of nuclear fuel elements tested 
(BAR. 77).
Experiments in neutron transmission tomography were reported by several workers 
following the work of Barton (BAR. 77). A standard BF-3 proportional counter was used 
by Schlapper et al (SCH.81) in neutron transmission tomography to evaluate a 37-pin fuel 
assembly phantom employing a filtered neutron beam. They reconstructed an excellent 
cross sectional tomograph of the phantom of the fiiel assembly showing the technique 
capable of detecting and locating the irregularities. Nevertheless imaging using a low 
intensity tailored beam of neutrons took 15 days to obtain translation data for one slice. 
Koeppe et al (Koe. 81) showed in their experiments that the interaction of an oxygen 
filtered beam of 2.35 MeV neutrons with samples simulating biological materials was more 
sensitive to variations in the content of the material than x-rays. The adequacy of the 
Argonne national laboratory’s hot fuel examination facility in performing neutron 
transmission tomography of nuclear fuel bundles, again using multiple neutron 
radiographs, was reported by Richards et al (RIC. 82). Two developed a non-destructive 
three-dimensional imaging technique using reconstructive tomography from multiple 
neutron radiographs (TWO. 83). Intended applications included the inspection of light 
water reactor and fast breeder reactor fuel bundles in physical conditions ranging from 
pre-test undisturbed to severely damaged.
3
Neutron transmission tomography is useful for imaging materials which absorb and / or 
scatter neutrons, whereas neutron scattering tomography is suitable for materials with high 
scattering cross sections. In 1984 Hussein measured the phase density distribution at a 
cross section of a gas liquid flow system (HUS. 1986). The method utilized the information 
carried by the measured fluences of scattered fast neutrons. Note however that the 
detection of the majority of the elements with large neutron absorption cross section is not 
possible by this technique.
Novel methods for neutron tomography were suggested by Spyrou in 1984 (SPY. 84): 
Neutron induced gamma-ray emission tomography in two different modes, delayed and 
prompt. The neutron induced gamma-ray emission tomography (NIGET) in delaved mode 
was developed for the irradiation of biological samples by Spyrou (SPY.85) and Balogun 
(BAL.86). In 1986 Davies et al. examined a simulated reactor fiiel element employing 
delayed gamma-rays (DAV. 86). Then the method was used in order to determine the 
diffusion of As-based solutions through wood for preservation treatment (SPY. 87)1 and 
to resolve the distribution of Ca and Na in bone (SPY. 87)2 and in salivary gland stones 
(SHA. 91). However, the acquisition of the tomographic data in the emission mode, using 
a single collimated detector, is time consuming and imposes limitations on the detection 
limits that can be achieved as well as on the half-lives of the radionuclides about which 
information is sought. It is clear that the counting time is also a function of the size of the 
sample to be analyzed and of the spatial resolution required for the distribution of the 
elemental concentration. The development of position sensitive detectors for gamma-ray 
spectrometry is promising but may be limited by energy resolution and to a lesser extent 
by spatial resolution.
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In 1986 the method termed neutron induced gamma-ray emission tomography prompt 
mode was developed (KUS. 86)[. The technique is suitable for determining the 
concentration of elements with high neutron capture cross sections which on irradiation 
emit prompt gamma-rays through neutron capture. NIGET-prompt was used to examine 
the distribution of Cd, Al, Pb, Ca and H in tomographic sections of test components for 
industrial applications (SPY.87)3. In 1990 this technique was applied on a time-of-flight 
fast-neutron probe for the tomography of bulk objects. The fast neutron probe was 
successfully tested for use in coal analysis and detection of contraband drugs or explosives 
(GOR. 90). Further, in both prompt and delay modes, the technique is unsuitable for 
heavy element objects. Since gamma-rays interact mainly with the electrons in matter, they 
may be more sensitive to the main body structure than the impurity itself.
A thermal neutron transmission tomography technique with a resolution of 100mm was 
developed by Mikerov in 1995 (MIK. 95). He used a mono-energetic thermal neutron 
beam of 0.013 eV and obtained the tomograph of a honeycomb composite material used 
in aircraft. The honeycomb pitch was 3.3mm while the wall thickness was 0.1mm. He also 
reconstructed the tomograph of part of a turbine blade with a good resolution. However 
parts of the blade, which was fairly large, were exposed to a very low intensity neutron 
beam. The attenuation in such regions was not determined. McFarland also developed a 
neutron tomographic imaging system specifically for the detection of hydrogen and 
utilized the system to study component failures in jet aircraft engine parts (MCF. 95). In 
several recent accidents, the failures of some engine components, namely with the titanium 
compressor blades, were recognised as contributing to the accidents. Previous destructive
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testing methods of quantifying hydrogen in the blades had indicated that a hydrogen 
concentration of 500 ppm was present and may have contributed to the failure. When 
McFarland used thermal neutron tomography to characterize the blades non-destructively, 
he actually detected local hydrogen concentrations in the range of 1000 to 7000 ppm in 
the spatially heterogeneous distributions. This is a very advanced technique for the 
detection of thin metallic objects but is not convenient for bulk samples as it uses thermal 
neutrons.
In 1995 Fink evaluated neutron techniques for illicit substance detection (FIN. 95). He 
discussed modelling and tomographic reconstruction studies for fast neutron transmission 
spectroscopy (FNTS). FNTS is based on the fact that many of the light elements of 
interest have significant features in their cross sections that allow identification of 
elemental constitution from the measured transmission. In this technique an accelerator 
produces a pulsed beam of protons or deuterons that strikes a target and in turn produces 
pulsed beam of neutrons with a continuum of energies. The object is placed in flight path 
and the time of flight techniques are used to measure the transmission ratio as a function 
of energy. The variation in transmission is due to the variation in the elemental cross 
sections comprising the object. These projected data can be reconstructed to produce a 
tomograph of the object. Fink used a 40cm square phantom consisting of 8cm squares of 
illicit substances. He applied the Monte Carlo transport code MCNP (BRE. 86) to 
simulate neutron transmission through the phantom and used the transmitted spectra to 
calculate the reconstructive image of the phantom. He was able to identify the square 
block of nitrogen-based explosive using three projection angles with 2 cm resolution. The 
technique identifies an object with very low contrast so that to measure some quantity of
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the impurity accurately one needs more intense neutron beams for reasonable statistical 
errors and a larger number of projections which means long exposure and imaging times.
Scattered neutrons significantly distort the image contrast of the neutron radiographs or 
neutron tomographs in transmission (HAR. 86). Yoshii et al analysed the intensity of 
scattered fast neutrons at the centre of an object image using a simple model of an iron 
cylindrical sample (YOS. 96) \  He found that the scattered component saturated at a 
sample radius of 6cm for the iron cylinder of 3 cm thickness, and the intensity has the 
highest value at a thickness of 2.5cm with 3cm radius. Their results showed, the intensities 
steeply decreased with increasing separation distance between sample and imaging device. 
The intensity of scattered neutrons was reduced to negligible levels at a separation 
distance twice the radius of the sample plus 1cm for the sample of 3 cm thickness. Their 
analytical results agreed with their experimental results. This method improved the quality 
of the tomograph obtaining better contrast. However, for a voluminous object, increasing 
the distance between the object and the detectors increases the effect of image 
unsharpness.
Fink’s work is among the very few studies carried out on the application of neutron 
tomography to large matrices. Although particular properties of neutron imaging can 
provide a large number of applications (DOM, 92), (PLE. 94), (PLE, 95), (PET. 92) 
(PLE. 96), as shown in Table 1, only very few cover large objects as a feasibility test 
(GOR. 90). Fast neutron tomography, therefore, need to be developed for the internal 
investigation and quality control of the component of the heavy material matrices in thick 
sections.
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There is also no literature on techniques for quantitative calculations to guide the user to 
decide what energy of neutrons is optimum, as a complementary technique to x-ray 
imaging for the investigation of a particular object. Such guidance is most needed in the 
medical applications of radiation imaging or in radiotherapy, in order to predict the effect 
of radiation on healthy organs. This can be obtained by a preliminary theoretical 
calculation of multi-energy neutron interactions in the simulated organ.
This thesis is part of a large programme addressing these two issues.
In chapter 2 we search for the most convenient matrices and impurities amenable to 
neutron inspection at three energy ranges. The energy ranges we considered were 
O.OOleV for cold, 0,025 eV for thermal and l^MeV for fast neutrons. The method for 
matrix or impurity selection is based on the calculation of the change in the neutron 
macroscopic cross section of the matrix due to the introduction of the impurity. The 
minimum detectable mass and length of an impurity which causes a fractional change f  in 
the macroscopic cross section of a target is derived. The required number of neutrons for 
the detection of abnormalities which produce a fractional change, f, in the mass 
attenuation coefficient of the matrix for a given relative error (precision), s, is also 
calculated. The minimum necessary time for a given neutron flux for the detection of the 
minimum detectable mass fraction is also defined. The equation for optimum sample 
thickness for a predetermined neutron intensity to detect an element in the object is 
likewise derived. We were able to demonstrate that impurities down to one pg/g by cold, 
thermal, and fast neutrons could be detected.
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At this stage of the project it was decided to pursue the inspection of bulk objects using 
fast neutron tomography despite the fact that the detectability of impurities was found to 
be, in general, optimum for cold and thermal neutrons. This was done in order to meet the 
needs for developing inspection demands for bulk samples in medicine and industry and 
because fast neutron techniques were more suitable for the determination of the quantities 
of many of the light elements such as carbon, nitrogen, oxygen and also water.
For a preliminary calculation of fast neutron transmission in biological and industrial 
objects an initial study was conducted using the Monte Carlo technique for solving 
neutron transport problems of a multi-energy neutron source: This is presented in chapter 
3. The main objective of this chapter was to prepare and modify the MORSE Monte 
Carlo code (EMM. 85) for the calculation of the transmission of the multi-energy neutrons 
of a U-235 fission source through various objects of interest. The Monte Carlo technique 
was used because of its usefulness in neutron transport calculations in complex 
geometries. The DLC-2/100G neutron cross section package (WRI.69) was used to 
extract the neutron cross sections of the constituent elements of the objects for the 100 
energy groups of neutrons employed. A fission neutron energy spectrum from a U-235 
reactor source (WAT. 52) was then considered. We calculated the energy fractions of the 
U235 source spectrum for the 100 groups of the neutron cross section library and 
prepared it for neutron transmission calculations. A fast neutron collimator for 
radiography, a collimator for tomography of the brain and a tomography chamber were 
then designed and simulated to reduce the scattered neutrons at detector positions for both 
tomography and radiography. The MORSE picture program was applied to find out if the
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constructed geometry input data described the geometry in mind and to display two 
dimensional slices through the specified simulated geometry. It was also used to display 
the designed collimators and the radiography chamber for neutron radiography and 
tomography.
Chapter 4 is devoted to the calculation of the transmission of fast neutrons in biological 
and industrial objects by using the MORSE code. The main objective was to study the 
capability of fast neutrons in transmission through voluminous objects to detect 
abnormalities, as a complementary method of non-destructive testing to the photon 
transmission technique. This was done as follows. The objects were simulated according 
to their elemental composition and size. The data obtained for U-235 fission neutrons in 
chapter 3, and the values of the microscopic cross sections from the DLC-100G package 
were used to calculate the mean free path of the neutrons and their macroscopic cross 
sections. These physical quantities were compared for various media. The ratio of the 
transmitted neutrons through one cross section of each object was obtained and 
presented. In order to determine the detectability of fast neutrons, the minimum detectable 
masses of some impurities were calculated for the various objects of interest. Finally the 
optimum neutron energy for the detection of abnormalities in the biological and industrial 
objects of interest were obtained.
Our main biological interest in chapter 4 is bone. Few studies have been conducted 
specifically in medical application of neutron radiography and tomography (KOB. 86), 
(DUH. 83), (GRA. 83)1,(GRA. 83)2 and (VUL. 83). Bone consists mainly of calcium and 
phosphorus which is not readily transparent to photons (HAR. 89). Can bone
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demineralisation be detected by fast transmitted neutrons? Changes in tissues inside bone 
structures like marrow or brain, may also be distinguished better by transmitted fast 
neutrons than by gamma rays. The transmission of fast neutrons through bone and bone 
marrow, and then tissues, was studied in order to investigate how good is detection of 
minerals and trace elements in a bone matrix. The transmission of fast neutrons in the 
skull and brain was also calculated in order to explore elemental imbalances in the brain 
while those in skull, brain and brain tumor were performed to examine the possibility of 
detection of a brain tumor by fast neutrons. Attempts have been made to detect the 
concentration of boron in an injected brain and brain tumor for neutron capture therapy of 
brain tumors. The detection of the function of water increase in the brain as obtained in 
sporadic Alzheimer’s disease was also studied.
The other area of interest in this chapter was the inspection of industrial objects. The 
ability of neutrons to image hydrogen-containing materials such as plastics, rubbers, 
explosives, water and corrosion products can make neutron tomography a useful non­
destructive evaluation tool for use in a variety of industrial activities. Older aircraft must 
be examined for hidden corrosion damage and fuel and hydraulic fluid leakage, while 
newer aircraft are making increasing use of polymeric adhesive bonding and composite 
structural materials. We looked at the transmission of fast neutrons through a bulk engine 
and examined the possibility of detecting an oil passage in a volume engine compartment. 
The mean free paths and the macroscopic cross sections of fast neutrons from a U-235 
fission source in lithium and carbon were also calculated in this chapter. These are media 
of general use in industry.
II
To actually detect fast transmitted neutrons through an object fast neutron detectors are 
required. Chapter 5 contains a general study of the principles of neutron detectors, in 
particular fast neutron ones, in order to evaluate the feasibility of practically implementing 
work on fast neutron tomography. Neutrons need to be converted to some easily 
detectable secondary radiation such as charged particles or light, as they have no 
significant directly recorded effect themselves. The general principles of three types of 
neutron converters : proportional counter converters, solid state converters as well as light 
emitting converters are first reviewed in chapter 5. For registering and displaying the 
secondary radiation distribution several methods have been developed, these include 
photo-sensitive film, track etch imaging methods, electronic image intensifiers of several 
types and arrays of electro-optical coupled fast neutron detector systems were reviewed. 
These methods are briefly discussed and some examples of the type of fast neutron 
detectors used for each technique have also been described. Our main emphasis in this 
review is on charge coupled devices (CCDs). At present, the rapid development in CCDs 
in terms of resolution and cost reduction have made these devices attractive for imaging 
applications. McFarland demonstrated the application and good spatial resolution of 
cooled CCDs in neutron tomography (MCF. 91) and applied a network of two- 
dimensional detectors for imaging large objects. This is an excellent inspection technique 
for voluminous objects by fast neutrons in transmission with a minimum exposure time. 
The basic principle of this detection system is also described here.
The transmission of neutrons through a matrix depends on the integrated interaction cross 
section over the path of the neutrons. This means that the details of the internal structure at 
each point of the path are concealed by this integration. Chapter 6 deals with the
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reconstruction of the image of the internal structure of simulated objects from the data 
contained in the multi-angle transmitted fast neutrons. The basic principle of reconstructive 
tomography are summarised. The simulation tomograph of bone and bone marrow is 
obtained and bone marrow is clearly distinguished in bone. The simulation tomograph of a 
typical size and composition of bone marrow in bone and tissue is also reconstructed from 
data of the multi-angle projections of the transmitted fast neutrons through the simulated 
object. This tomograph also distinctly differentiates between bone marrow in bone and bone 
in tissue. The central cross section of brain and skull is also reconstructed in order to explore 
the possible detection of brain abnormalities by transmitted fast neutrons. Finally, as an 
industrial application a 3mm engine oil passage is detected at the centre of a simulated 
tomograph of a 200mm thickness A1 combustion engine. In a simulated tomograph of 6mm 
oil passage in a 400mm A1 engine the oil passage is also well differentiated.
In chapter 7 summary of our main findings, conclusion and suggestion for further work are 
presented.
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Table 1 Overview of applications of neutron radiography for basic research or as a
feasibility test (PLE. 96).
Field of application Example
Aerospace Inspection of honeycomb structure, 
detection of moisture and corrosion, ‘ 
and assembly control 1
Archeology Examination of composite metal objects
Art Investigation of oil painting
Automobile industry & research Study of fluid flow in combustion 
engine, quality control of gas pile, 
and quality control of airbag
Botany Plant growth j
Ceramics Inspection of cracks
Chemical and petrochemical industry Hydration of steel, visualization of two 
phases, quality control of sealing, water 
transport in porous building materials, 
behavior of steel in reinforced concrete
Defense industry Quality control of explosive charges
Dentistry R&D on filling techniques, quality 
control of metal components for crowns
Forensic utilization Determination of authenticity or 
integrity of documents
Geology Porosity of rock, layers in sediment soils
Heat transfer Visualization of two phase behaviour
Material sciences Alloy distributions
Medical research Determination of gallstone structure, 
study of compounds for BNCT, 
(Boron Neutron Capture Therapy), 
and study of bone marrow structure
Nuclear Inspection of irradiated fuel cladding, 
quality control of fuel elements 
and inspection of control rods
Turbine manufacturing Quality control of turbine blades j
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Chapter 2
Elemental analysis using neutrons in transmission
2.1 Introduction
The central objective in this chapter is to determine the detectability of the internal structure 
of a matrix by mono-energetic neutrons using transmission techniques. We are also interested 
to find out the most convenient industrial and biological objects subject to structure or 
impurity analyses by neutron transmission tomography which is a non- destructive testing 
method. Our other aim is to find out which type of impurities which can be better detected 
by neutron transmission tomography as a complementary technique to photon transmission 
tomography. These results will guide us in selecting appropriate objects and sources of 
neutron beams for the simulation of neutron transmission tomography in the following 
chapters.
The elemental analysis which is presented in section 2.2 of this chapter is based on the 
measurement of the change in the neutron macroscopic cross section of an element or 
compound due to the introduction of an impurity. Expressions for the calculation of the 
minimum detectable mass and length fraction of elements, compound or mixture in a sample
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are obtained from neutron transmission measurements. Formulae to calculate the minimum 
required number of neutrons to detect the minimum detectable length or mass of the impurity 
causing a fractional change f in the linear attenuation coefficient of the object has been 
derived. The optimum sample thickness which can be investigated with a minimum number 
of neutrons has also been derived.
Calculations for the detectable mass fraction of hydrogen in a number of sample matrices 
of industrial interest and of elements in a water matrix highlighting the differences with 
photon attenuation measurements are carried out in section 2.3. The results are presented for 
three neutron energies, cold (O.OOleV), thermal (0.025eV) and fast (14MeV). The method 
has defined the minimum detectable length fraction for neutron computerised tomography and 
the required number of neutrons for detection of impurities. The minimum exposure time 
required to detect impurities that cause 0.01 fractional change in the macroscopic cross section 
of an iron and water matrices with different thicknesses have also been calculated. This was 
obtained for a certain statistical result (relative error 5%) for a flux of 5x1 O^ neutrons/m2s1. 
The iron matrix has been chosen for its industrial applications, and the water matrix for 
biological applications. The optimum sample thickness (1^ ) for a minimum counting time has 
also been calculated. The best results are for the detection of hydrogen in commonly used 
industrial elements such as aluminium (ie.4.7 pg/g). The results show that fast neutrons can 
determine quantities of light elements such as carbon, oxygen, nitrogen and hydrogen in a 
volume element. We find that for imaging large industrial and biological samples, a fast 
neutron beam is the optimum beam because of its penetration properties. Section 2.4 
summarises the results and conclude.
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2.2 Theoretical consideration
2.2.1 Neutron macroscopic cross section
When a neutron beam is traversing a target, the probability that a neutron interacts in a unit 
volume of the target material and is removed from the beam is known as the macroscopic 
cross-section or total linear attenuation coefficient of the target. This can be written as a 
product of,
where N is the number of nuclei per unit volume of the target material and <5t is the 
microscopic cross-section, i.e. the probability that an interaction between the neutron and the 
target nucleus takes place. For a single element target, it is
£ = P .N 0a. (2.2)
A ° !
where p is the density of the element, A is the atomic mass, N0 is Avogadro’s number and 
Gt is the total microscopic cross-section. For a homogenous or a compound target,
E  = ■jrN « ' L w ia ti (2’3)
M  i=i
where p is the density of the compound or mixture, M is the molecular mass of the 
compound or mixture, Wj is the number of atoms of ith element in one molecule, Gti is the 
total microscopic cross-section of the ith element and n is the number of elements in a 
molecule. For a mixture of several isotopes
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where p is the density, A is the atomic mass, Xj is the fractional abundance of the ith isotope 
and <yti is the total microscopic cross-section of the ith isotope. For a mixture of either 
elements or compounds or both, the macroscopic cross-section which is the total microscopic 
cross-section of the substance per unit volume of the target material takes the form
( f W  )l P S & 2  F  P,
P P P P
where P^m/M, nij being the ith mass of element in the mixture while M is the mass of
the mixture.
In determining the macroscopic cross-section of a mixture, a distinction must be made 
between a homogeneous system, in which there is an intimate uniform mixture or solution 
of the constituents, and a heterogeneous system in which one or more components are 
distributed throughout, in the form of relatively large pieces. Therefore in a homogeneous 
mixture, made of different elements with a fractional abundance of Pi for each element, £  will 
be the total mass attenuation coefficient. It is the attenuation of neutrons in unit mass of the 
target material which can be obtained from the following equations :
Hem) = t  £ , P, (26)
i = l  1V ± i  i = l
where
£  P, = 1 (2.7)
n
i=l
18
and Mi is the molecular mass of the ith compound or element in the mixture. Then the mass 
attenuation coefficient is therefore
£
P J*
n  -  n
= £  _  n q o ti p . = y :
h  m , ° ti 1 ^
p.. (2.8)
i= l J1
2.2.2 Minimum detectable mass of impurity in a target
Assuming a target of M gram weight has a mass attenuation coefficient of (S/r)t cm2/g. The 
introduction of an impurity denoted by m(n+1) into the target will change the mass attenuation
coefficient from
vr Jt
to
j
where,
'E Y
v p J
m n + 1
/'v^ \
M  + o +LP  ) n +1  *= 1
m i
\ r  J1, M + m n +l
and from equation (2.7)
(2.9)
m n + l 771,
M  + m n+l
= 1.
n+l
If the fractional change, f, in the mass attenuation coefficient is defined as,
/  = V'JmmJ
P ) t
(2.10)
(2.11)
( f ) ' - - ( f ) ,
by using equation (2.9), the equation(2.12) can be written as
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(2.12)
(1 + f)
( 'N mn+l f E ]
n
♦ £ m i© n+l i=1 CL
yr Jt M+mn+i
So that the detectable mass of the impurity in the matrix is
7V i =-
M l
P^>U V PA
The detectable mass fraction of the impurity is
n+l M  + mn + l
From equations (2.13a) and (2.14), the value of detectable mass fraction 
calculated as follows
n + l
M  +
"E^
,P J*
- £  m ti=l
. P Jn+1
~  ( f + 1)
A
yr Jt
- £ m ii=l EP
P )n+1
<F+1)
vP J*
Jl
which can be simplified to
(2.13)
(2.13a)
(2.14) 
(Pn+1) can be
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Equation (2.15) relates the proportion by weight (i.e. the concentration) of an element, which 
was added to the target, to the fractional change in the neutron mass attenuation coefficient 
produced by the addition of the element. Therefore Pn+l is the detectable mass fraction and 
is a minimum, for the minimum value that f can take experimentally.
The experimental determination of Pn+1 depends on the ability of the system to measure the 
change in the mass attenuation coefficient of the target due to the introduction of the impurity. 
This depends on the intensity and energy of the neutron beam. However it is also important 
to calculate the minimum counting time required to obtain a specific fractional change, f, in 
the mass attenuation coefficient for a given sample thickness with a specific precision and 
specific neutron flux. The value of f can be positive or negative depending on whether the 
mass attenuation coefficient of the matrix increases or decreases after introduction of the 
impurity.
2.2.3 Minimum detectable length fraction
In neutron transmission tomography when imaging through an object the minimum detectable 
size of an impurity in an object is more meaningful than its minimum mass that can be 
detected. When a neutron beam passes through an object, its attenuation at any point in the 
object depends on the elemental composition of that point and on the energy spectrum of the 
neutron beam, i.e. E ( E ,x ) .  In transmission tomography the important quantity is the raysum, 
R, which is defined from
/=/„<;-£* (2.16)
.•.InL=-S^.
'o
Since E is the macroscopic cross section at each position on the x direction, Ex is the sum 
of the density along this line and is called raysum,
J?=-llly=S* (2.17)
where I0 is the intensity of neutrons incident on the object, I is the intensity of neutrons 
transmitted through the object and E is the macroscopic cross-section of the object. For a non- 
homogeneous object and a poly-energetic neutron beam, the raysum is defined as
R  = f E'“ r  E(o^) dEdx  (2.17a)
Jo Jo
where is the maximum energy of the neutron beam a is the microscopic cross section 
of the object at position x for neutrons of energy E and L is the length of the pass. Assuming 
a narrow beam geometry which is mono-energetic (or poly-energetic which can be described
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in terms of an effective energy) and in a homogeneous matrix with a macroscopic cross- 
section £ M, this reduces to
R m  = £ M k  •
Since £ M is a function of energy, R is a function of energy too. If we introduce in the target 
matrix an impurity which may be an element, compound or mixture with macroscopic cross- 
section of £ c and length of 1, the new raysum becomes
R=EM(L-$)+£c<> (2.18)
where 6 is the length of the impurity along the axis of the beam. If we define a fractional 
change f in the raysum due to the presence of this impurity as
R M
(2.19)
A
L
'M f (2.20)
where £ c is the macroscopic cross section of the impurity. Q/L is therefore called the 
detectable length fraction, and is a minimum for the minimum value that f can take 
experimentally. If Ec »
-  » —  /  L E /
(2.21)
and if Em »  Ec then
(2.22)
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The contrast between two slices through the object, one containing the impurity and the other 
before the impurity was introduced in the object takes the form c=(I2-I1)/Ii where 
I2=T]I0e'E(1+f)L, T] is the detector efficiency, I0 is the incident intensity, l x is the transmitted 
intensity without impurity and I2 the transmitted intensity with impurity respectively Therefore 
the contrast can be obtained as follows
h  " Ac ~  --------
h
(2 23)
^ r i l0 e -  11 Io e ~EL
n h e  ~TL
c= e -*SL - l  (2-24)
. By eliminating "f " from equation (2.24) and using equation (2.20) one gets
The contrast depends only on the change in the macroscopic cross-section due to the 
introduction of the impurity and the length of the impurity. Since the range of the values of 
the macroscopic cross- section for neutrons spans four orders of magnitude (from 10'2 to 
10+2), as shown in Fig 2.1, therefore some impurities with the length of 10 2 jum can be 
detected with a contrast of 0.01 by neutron transmission tomography. Contrast this result with 
photon transmission tomography where the range of the mass attenuation coefficient is 
within only two orders of magnitudeCIO'1 to 10+l) and therefore 1pm long impurity can be
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detected with the same contrast by only 60 keV photons
2.2.4 The required number of neutrons for detection of impurities
The required number of neutrons to detect an impurity in a matrix is defined as the minimum
number of neutrons that must impinge onto a particular thickness of the matrix to give a
signal which is significantly higher than the associated background. The intensity of the
neutrons transmitted through a sample of thickness L before introduction of an impurity is
I, = Tft,e-a  (2.26)
where, as before, y s  the number of neutrons per unit area of energy E incident upon of the
sample, E is the macroscopic cross-section of the sample for this energy while T| is the
efficiency of the neutron detection system. In the presence of an impurity, introduced into the
sample, the number of neutrons transmitted and detected by the detector is
I2 = T| I0 e~E(1+0L. (2.27)
The required number of neutrons that can produce a significant signal to detect the impurity
with a reliable estimate of f depends on signal (Ix -  y  and its associated variance (Ix + y 172
(SAN. 84). This defines a confidence level of
(J + 7 ^e = ^  (2.28)
©  - u
For 8=1, the signal must be 1 standard deviation above the background giving a 68.3% 
confidence in the detection of the signal, for e=l/2, two standard deviations above 
background giving 95.5% confidence whereas for e=l/3, 3 standard deviations giving 99.75 
confidence. Therefore the required number of neutrons (Iq) can be calculated as follows. By 
eliminating I0 from equations(2.26) and(2.27), and evaluating (I1-I-I2)/(I1 -I^
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i  = e~U = (2.29)
i2
/, + J2 + i
(/, - ©  (e^x - i)
h  + h  e EfL + 1
(2.30)
0  ~/2)2 (^/L ~ D0 - /J (2.31)
Equation (2.29) can be written as
h h  = e^fL - 1. (2.32)
By substituting equation (2.32) and (2.28) in equation (2.31) the reliable estimate of e will 
be
e2= eSJL+1 . (2.33)
By using equations (2.27) and (2.33) the required number of neutrons is found to be
h  = ~ ------
therefore
_ (e^  , 1) ^  (2_g4)
T) €2(«E/I - l)2
This gives the number of neutrons per unit area, which must be present in the incident 
neutron beam for a given fractional change, f, in the linear attenuation coefficient of the 
object of length L in order to detect an impurity introduced into the object, with a given
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relative error or precision, e.
Equation (2.34) shows that the required number of neutrons for the detection of the impurity 
in an object depends on the thickness of the object. Therefore we obtain the optimum sample 
thickness Lop, for a minimum counting time, when dI(/dL=0. From differentiation of equation
(2.34) we have
-e  ~2JiJL+3fe 1) =0. (2.35)
Let eEfL = X, then equation (3.35) becomes,
-X2 + 3f X + (f+1) = 0.
By solving this equation and substituting the value of X, the optimum value Lop can be 
calculated as follows
x  _ 3/  * s .
2
therefore
Vft - r y  * * 4(M)
J op n 2
3/ ± i/9/ 4(/M)
n 2  (2.36)
h p £/
This result gives the optimum thickness for the object, and with this thickness the minimum 
number of neutrons will be needed for the detection of the impurity. Therefore for a 
constant neutron intensity the detection time will be minimum when the thickness is optimum.
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Also, in equation (2.36), since E is a function of energy, the optimum thickness for one 
object will be different with different neutron energies. This result will be useful where the 
object thickness and/or the energy of incident beam can be varied.
2.2.5 The minimum exposure time for detection of impurities using a neutron source of 
fixed flux
To calculate the time required to carry out a measurement
t J j .  (2.37)
<!>
where t is the time of measurement, d> is the incident neutron flux which is the number of 
neutrons per unit area per unit time and Iq is the number of neutrons per unit area
/0=<i>t.
2.3 Results and discussion
2.3.1 Minimum detectable mass and length fractions by neutrons in comparison with 
photon
In comparing the variations of the mass attenuation coefficients of elements between thermal 
neutrons and photons of say 60 keV energy, with their atomic number, it is evident that 
whereas the variation is a smooth continuous function increasing with atomic number for the
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photons with neutrons neighbouring elements may have significantly different mass 
attenuation coefficients, see Fig 2.1. Furthermore, the range of values for photons at this 
energy is confined to within two orders of magnitude (2X 10*1 to 2x10* cm2/g) with a smaller 
range of mass attenuation coefficients as the energy increases. In contrast the range for 
thermal neutrons spans over four orders of magnitude (from less than 10*2 to more than 
102cm2 /g). The value of the mass attenuation coefficient of Gd is 187.9 cm2/g which is out 
of range and not shown.
From equation (2.25) by assuming that the value of contrast is 0.01 which is an acceptable 
value and can be distinguished by the detection systems, neutron transmission tomography can 
detect some impurities as small as 10'6cm in size, while the minimum detectable length for 
photons is 10*4 cm. But this limit is achieved with photons when the matrix has as low atomic 
numbers and the impurity as high atomic number as possible. Therefore for biological 
materials, if we assume for simplicity that the matrix is water, the best results are obtained 
in the detection of elements of high atomic number using photon transmission measurements. 
However, for neutrons, because H has a high mass attenuation coefficient (predominately 
through its high scattering cross-section) the mass attenuation coefficient for water is high, 
with only H, Li, B, Cd, Sm, Eu, Gd and Dy having higher values. The minimum detectable 
mass fraction for a large number of elements will tend towards a value of - f as listed in table 
2.2, see also equation(2.22). This is the limit for the case where the mass attenuation 
coefficient of the matrix is much larger than that of the element of interest. In the case of 
photons this situation arises when light elements are to be detected in a high atomic number 
matrix. The experimental value that a detectable fraction Pn+i takes depends on the 
measurement of the fractional change f in the mass attenuation coefficient and therefore on
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the length of the sample (the length traversed by the neutrons) the intensity (and energy) of 
the neutron beam, the precision of the measurement and the time required for counting.
We have calculated the minimum detectable mass and length fractions using eqs (2.15) and 
(2.20). The microscopic cross-section of a number of elements at three neutron energies 
(O.OOleV, 0.025eV and 14MeV) were obtained from published data (KED. 75) and (MCL.88). 
The value of f  was chosen as 0.01 which is a reasonable estimate of detectability. Neutron 
transmission tomography can differentiate between some elements like B, Gd, H etc, with a 
much lower value of the fractional change in mass attenuation coefficient and f is quoted as 
changes of 1 in 10000. Since the relationship between Pn+l and f is linear any desired value 
of f  would entail multiplication or division of our results by the appropriate factor.
In the first group of calculations hydrogen was chosen as the impurity. Its minimum 
detectable mass fraction was calculated in twelve different matrices. Hydrogen was chosen 
because of its high total microscopic neutron cross-section and the industrial interest in its 
detection in various applications (ZAN. 95), (FIN. 95), (MCF. 95), (PAT. 74) and (NEL. 83). 
A typical interest is in corrosion problems for instance entrapped moisture and hidden 
aluminium corrosion can cause serious problems in critical parts of certain aircraft, corrosion 
due to trapped hydrogen is an important factor, and inability to adequately repair corrosion 
has lead directly to withdrawal of an aircraft (FRO. 87). Hence ability to detect trapped 
hydrogen is an important factor in industry. Table 2.1 lists the minimum detectable mass 
fraction of hydrogen in twelve elements for cold, thermal and fast neutrons. From table 2.1 
it can be seen that:
i) Thermal and cold neutrons can easily detect hydrogen in most elements, with a very
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high resolution of the order of 10A cm or better.
ii) Hydrogen is best detected in AC, Mo, Na and Fe, elements which have many
industrial applications, eg. corrosion in aluminium could be detected by measurement 
of hydrogen diffusion by means of neutron radiography or tomography, and the 
measurement of the amount of oil passing through an engine (iron matrix).
iii) The detection of materials by cold neutrons is better than by thermal neutrons, and 
by thermal neutrons better than by fast neutrons; however this is at the expense of the 
penetrability and therefore the size of the object tested.
iv) Ccland He in materials can be detected by fast neutrons with a better detection limit
than hydrogen.
v) Investigation of large objects is only possible by epithermal or fast neutrons as cold
and thermal neutrons do not penetrate bulk objects. This directs us to further
theoretical studies in the next chapters using fast neutrons.
In the second group of calculations water was chosen as the matrix to simulate the response 
of a biological material. The minimum detectable mass and length fractions of 42 elements 
of biological interest were calculated with f taken to have a value of 0.01 as before. The 
values for the density and atomic mass were obtained from (TEN. 89). Table 2.2 shows the 
numerical values of the minimum detectable mass fractions. The minimum detectable mass 
fraction of elements in water is, as explained before, of the order of 10'2 g/g or worse for the 
three neutron energies under consideration, except for a handful of elements. The mass 
attenuation coefficients for water for cold, thermal and fast neutrons are 5.50, 3.47 and 1.33 
cm2/g respectively. Also at 14 MeV water is more transparent to the neutrons, its mass 
attenuation coefficient is still relatively high resulting in worse detection limits in general
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compared to the other two energies. The detectable mass fractions of Gd in water using 0.025 
eV and O.OOleV neutrons are 1.62x 10*4 g/g and 1.64 xlO*4 g/g, respectively.
In the third group of calculations bone was chosen as a matrix.The minimum detectable mass 
fractions of 25 elements and compounds of biological interest were calculated, f was taken 
to have value of 0.01. The values for the microscopic cross sections and the atomic masses 
were obtained from (GLA-80) and (MCL-88). Table 2.3 shows the numerical values of the 
minimum detectable mass fractions of elements in a bone matrix. The value of the mass 
attenuation coefficients at 0.025 eV for bone is 0.224 cm2/g. Inspection of Fig 2.1 shows 
which elements have mass attenuation coefficients with values higher than bone, thus allowing 
better detection than for a water matrix. The minimum detectable mass fraction of boron in 
bone, using thermal neutrons is 9.8xl0'5 g/g for f =0.01. In contrast, calculation of the 
changes in photon mass attenuation coefficients indicate the difficulty of identifying light 
elements in bone. However fast neutron transmission techniques are attractive because they 
can determine the quantity of the light elements of interest such as carbon (C), oxygen (O), 
nitrogen (N) and hydrogen(H) in a volume element. From these results we should easily be 
able to detect bone-marrow in bone by fast neutrons which we will use as a medical example 
for further investigations in the next chapters. Illicit substances such as explosives and drugs 
in luggage and cargo containers, which are compounds with high proportion of these 
elements, can also be detected by fast neutron transmission method.
2.3.2 Number of neutrons detected
To obtain a statistically reliable estimate of the change in the neutron mass attenuation
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coefficient, f, of a matrix at a given energy by the introduction of an impurity, a required 
number of neutrons must be detected in transmission. This number is given in equation
(2.34), and the intensity of the transmitted neutrons and the time required for detection are 
calculated from equations (2.26), (2.27), and (2.37).
The results of the two groups of calculations, one for a water matrix for biological 
applications and an non matrix for industrial applications, are shown in tables 2,4 and 2.5, 
respectively. The time required per detection is calculated for a chosen neutron source of flux 
5 x 104 nm'V1. All the calculations were made for a value of f = 0.01 for the three neutron 
energies of O.OOleV, 0.025eV and 14MeV, for a relative error of 5%  in two different 
matrices of a water and an iron. The detector efficiency was assumed to be unity. The 
thicknesses were taken to be 5, 10, 50, 100 and 500 mm for the water object and 10, 20, 50 
and 100 mm for the iron object. For comparison, the effect of the thickness of the object on 
the required number of neutrons to detect the impurity which produce 0.01 fractional change 
in the macroscopic cross sections for two cases were considered:
(i) a thickness of 10mm of water for O.OOleV energy requires 4.2 xlO9 neutrons, 
equivalent to 8.5xl04 second exposure time for 6.2xl04 neutrons to be transmitted.
(ii) a thickness of 50mm of water for 0.001 eV energy requires 2.988X1027 neutrons, 
equivalent to a 6X1022 seconds exposure time, for only 2xl03 neutrons to be 
transmitted.
In comparing tables 2.4 and 2.5 it can be seen that in all of the three energies the number 
of neutrons detected after transmission through the water matrix is much lower than for the 
iron matrix, i.e. there is a much higher transmission of neutrons through iron than water,
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because of the hydrogen component of the water. Therefore as tables 2.4 and 2.5 show the 
time required for a measurement, with a given precision, to detect a fractional change in 
attenuation is shorter for an iron matrix than for a water one. These differences are much 
more evident for cold neutrons than for neutrons with higher energies. For comparison the 
required number of neutrons and the exposure time for a water sample of thickness 10 mm 
for 0.001 eV energy are 4.2x109 and 8.5xl04s, respectively, while those for an iron matrix 
of the same thickness are 1.5xl07 and 300s. A much better detection limit is obtained if a 
hydrogenous compound is detected in a non hydrogenous medium than in detecting a 
compound not consisting of hydrogen in a hydrogenous material.
2.3.3 The optimum sample thickness
Equation (2.34) gives the required number of neutrons for detection, for a fractional change 
f and precision e. Equation (2.36) gives the optimum sample thickness, Lop, for a minimum 
counting time. From the last equation and taking f = 0.01, the optimum thickness value for 
water for a neutron energy of 0.00leV is 1.8mm. For 0.025eV neutrons it is 9.0 mm while 
for 14MeV ones it is 198mm. Table 2.4 which presents the required number of neutrons and 
shows that the optimum thickness of water for a precision of 5% is a number between 100mm 
and 200mm for 14 MeV neutrons. This is due to the decrease of the required number of 
neutrons for detection of impurities at this range of water thickness. The optimum thickness 
of water for 0.025 eV neutrons is between 5mm and 10mm. The results are also represented 
in Fig 2.2. The results show that as the thickness increases or decreases from the value of 
Lop, the number of the required neutrons increases.
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2.4 Conclusion
The formulae for calculating the detectable mass and the length of fractions for elements in 
matrices, using neutron attenuation coefficients, have been derived. Because of the relatively 
high mass attenuation coefficient of water at all three neutron energies considered (cold, 
thermal and fast) the detectable mass fraction for the majority of the elements in water tends 
towards a value of -f . However, for bone, where the composition is not dominated by 
hydrogen, the lower mass attenuation coefficient of the matrix allows better detection limits 
for some elements. The presence of an element of high mass attenuation coefficient in a low 
attenuating matrix will be detected with a minimum detectable mass fraction approaching lO f^ 
for thermal and cold neutrons. The value o f . f can be as low as 10*4; for a modest value of 
f =0.01 the determination of the concentrations in the parts per million (pg/g) range is 
possible. This has been illustrated by the calculations of the detectable mass fraction of 
hydrogen in metals and other matrices. Fast neutrons can determine the quantities of light 
elements such as carbon(C), oxygen(O), nitrogen(N) and hydrogen(H) in a volume element. 
But hydrogen is much more detectable by thermal neutrons (not in bulk matrix). Therefore 
fast neutrons can be used for the detection of a variety of defects in light objects which have 
high industrial applications (see chapter 1), as well as for the detection of light elements in 
a heavy bulky object which is not possible by photons like in the detection of illicit 
substances in luggages and containers. Feasible uses include medical applications. In the next 
chapters we will use these results for selecting optimum samples and neutron sources for the 
simulation of neutron transmission tomography.
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Table 2.1: Minimum detectable mass fraction of H in elements for f=0.01 for the
three neutron energies.
Detectable Mass Fraction x 10 4g/g
Element 0.001 eV 0.025 eV 14 MeV
Fe 0.3 0.6 8.2
Cd 150 125 0.05
Mo 0.1 0.2 6.5
Ni 0.5 0.3 10.8
Cr 0.3 0.3 5.9
Cl 1.2 3.6 1130
Al 0.05 0.2 10.5
Na 0.2 0.4 76.0
O 0.5 0.7 20
C 2.9 11.1 340
He 12.5 43.7 -0.02
h2o
_________
13.1 3.4 31.1
36
Table 2.2: Minimum detectable mass fraction of elements in water for f=0.01 for
the three neutron energies.
Detectable Mass Fraction x 10'2g/g
Element Ej=0.001 (eV) E2=0.025 (eV) E3=14 (MeV)
H 0.1 0.1 0.3
Li 0.5 0.5 0.3
B 1.1 1.1 -4.0
C -1.3 -1.1 -2.9
N -1.3 -1.3 -1.7
0 -1.1 -1.1 -2.7
F -1.1 -1.1 -2.3
Na -1.0 -1.0 -1.8
Mg -1.0 -1.0 -1.8
A1
©rHJ i H* © -1.6
Si -1.0 -1.0 -1.6
P -1.0 -1.0 -1.6
S -1.0 -1.0 -1.5
Cl -1.6 -1.6 -1.5
K -1.0 -1.0 -1.6
Ca -1.0 -1.0 -1.5
V -1.1 -1.1 -1.5
Mn -1.1 -1.1 -1.4
Fe -1.1 -1.1 -1.4
Co -1.3 -1.3 -1.4
Cu -1.1 -1.1 -1.4
Zn -1.0 -1.0 -1.4
Ge -1.1 -1.1 -1.4
As -1.0 -1.0 -1.4
Se -1.1 -1.1 -1
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Table 2.2: Continued.
Detectable Mass Fraction x 10'2g/g
Element E^O.OOl (eV) E2=0.025 (eV) E3=14 (MeV)
Br -1.02 -1.0 -1.4
Rb -1.0 -1.0 -1.4
Sr
pT—4 1 -1.0175 -1.3411
Ag -1.2 -1.2 -1.2
Cd 0.2 0.2 -1.3
In -2.0 -1.9 -1.3
I -1.0 -1.0 -1.2
Ba -1.0 -1.0 -1.3
Gd 0.02 0.02 -1.2
Dy 1.4 1.4 -1.3
Pt -1.0 -1.0 -1.2
Au -1.2 -1.2 -1.2
Hg -2.2 -2.2 -1.2
Pb -1.0 -1.0 -1.2
Th -1.0 -1.0 -1.2
U -1.0 -1.0 -1.2
Pu i t—1 ©
oT—<I -1.2
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Table 2.3 : Minimum detectable mass fraction of elements in bone for
f=0.01 for the three neutron energies.
Detectable Mass Fraction x 10'2g/g
Element E1=0.001 (eV) E2=0.025 (eV) E3=14 (MeV)
H 0.008 0.0098 0.01
B 0.002 0.005 1.7
C -1.4 13.8 0.16
N 0.75 0.74 2.4
0 -1.8 -3.1 3.5
F -1.5 2.2 5.5
Na 0.3 0.6 -19.2
Mg -1.4 -1.7 -12.9
A1 -1.2 1.2 -5.9
P -1.4 -1.8 -4.7
Cl 0.3 0.4 -3.6
K -1.5 -1.3 -2.9
Ca -1.2 -1.3 -3.7
Sc 0.4 0.5 -2.5
V -2.06 -2.1 -3.4
Mn 0.5 4.1 -2.5
Fe 2.3 -2.9 -2.4
Cu -2.1 -1.9 -2.4
Zn -1.2 -1.2 -3.3
Ba -1.7 -2.1
Sr -1.1 -2.9 -2.1
Cd 0.02 0.02 -2.05
Pb 1.1 -1.17 -1.5
Tissue 1.2 1.3 3.8
H20 0.07 0.07 0.9
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Table 2.4: Number of neutrons which must be detected in water.
E^O.OOleV g* o . ©5
Thickness(mm) Io h t(s)
5 7.0x107 2.6x10s 1.3xl03
10 4.2xl09 6.2xl04 8.5x10"
50 3-OxlO27 2.0xl03 6.0x10“
100
500
E2=0.025 eV t-oS
Thickness(mm) Io I t(s)
5 2.0xl07 7.0xl06 4.0xl02
10 1.6xl07 1.6x10" 3.0xl02
50 4.2xl09 6.3xl03 8.4x10"
100 6.7xl013 1.5x10" 1.3xl09
500
E2=14 MeV e » o-& 5
Thickness(mm) I. I2 t(s)
5 3.4xl09 3.2xl09 6.7x10"
10 8.8xl08 8.0x10s 1.8x10"
50 5.3xl07 3.2xl07 l.lxlO3
100 2.2xl07 8.0xl06 4.4xl02
200 4.9xl07 3.1x10s 9.8xl02
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Table 2.5 : Number of neutrons which must be detected in iron.
E,=0.001 eV t - - o . o 5
Thickness(mm) Io I2 t(s)
10 1.5xl07 2.3x10s 300
50 l.lxlO9 8.8xl04 2.1x10“
100 3.0xl012 2.1xl04 6.0xl07
E,=0.025 eV i - o  o 6
Thickness(mm) I. h t(s)
10 2.0xl07 6.5x10s 3.9
50 6.7xl07 2.6xl05 1.3xl02
100 4.1xl09 6.2x10“ 8.3x10“
E3=14 MeV & --o-o5
Thickness(mm) Io I2 t(s)
10 1.6xl08 1.3x10s 3260
50 1.8xl07 5.2x10s 360
100 1.5xl07 1.2x10s 300
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Fig. 2.1 The mass attenuation coefficient versus atomic 
number for thermal neutrons and photons at 60 keV
ATOMIC NUMBER
NB Macroscopic cross section (X) is the neutron linear attenuation coefficient 
whereas mass attenuation coefficient is (X/p).
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Chapter 3
Transmission of U235 fission neutrons in objects using
Monte-Carlo technique
3.1 Introduction
In the previous chapter we considered the transmission of mono-energetic neutrons of 
various energies and their ability to detect impurities. It was concluded that fast neutrons 
provided the optimum means for neutron transmission investigations of volume objects. 
The main objective here is to prepare MORSE Monte carlo code (EEM. 85) for the 
calculation of the fast neutron transmission through objects of interest. The Monte Carlo 
technique is used because of its utility for complex geometry. As a precursor to the 
calculation of fast neutron transmission in biological and industrial objects we now 
conduct an initial study on Monte Carlo technique for solving neutron transport problems 
of a multi-energy neutron source. The DLC-2/100G neutron cross section package 
(WRI.69) is used to extract the cross-sections of the constituent elements of the object 
for the 100 energy groups of neutrons. A fission neutron energy spectrum from a U235 
reactor source is then considered (WAT. 52). We calculate the energy fractions of the 
U235 source spectrum for the 100 groups of cross section library and prepare it for 
neutron transmission calculation in the next chapter. A fast neutron collimator for 
radigraphy, a collimator for tomography of the brain and a tomography chamber are then
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designed and simulated to reduce the scattered neutrons at the detector positions for the 
tomography and radiography. The MORSE picture program is applied to determine if the 
constructed geometry input data describes the geometry in mind and to display two 
dimensional slices through the specified simulated geometry. It also is used to display the 
designed collimators and radiography chamber for neutron tomography and radiography.
The structure of this chapter is as follows. The next section is devoted to the Monte - 
Carlo technique and simulation of neutron transmission technique. In section 3.3 attention 
is paid to describe the MORSE code and the structure of its modules which have been 
used in planning and calculating the macroscopic cross section of the media of interest and 
simulation of the collimators and objects for fast neutron transmission tomography. Our 
conclusion is presented in section 3.4.
3.2 The M onte-Carlo technique in neutron physics
The Monte-Carlo technique is a numerical procedure for solving mathematical problems 
based on statistical (or probability) theory. It is utilized in neutron transport problems, 
specially in systems of complex geometry (SPA. 69). The applicability of the technique 
arises from the fact that the macroscopic cross-section of elements for neutrons may be 
regarded as the probability of a specific interaction per unit distance traveled by a neutron. 
A set of neutron histories is generated by following individual neutrons through successive 
collisions which may result in scattering, radiative capture or fission. Since they are 
equivalent to the macroscopic cross-sections, the probabilities of various interactions 
depend on the neutron energy and the composition of the system. The locations of actual 
collisions and results of such collisions, e.g. direction and energy of an emerging 
neutron(or neutrons), are determined from the range of possibilities by sets of random 
numbers. By following the behaviour of the neutrons until they are either absorbed or
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escape, the characteristics of the system can be evaluated from a statistical average of 
many neutron histories.
Neutron transport problems can be solved numerically by the Monte-Carlo method. 
However the procedure requires extensive computer time since it is necessary to follow 
the histories of many neutrons through a large number of collisions in order that the results 
may have statistical significance. For the purpose of this project the Monte-Carlo 
technique was applied mainly to calculate transmitted neutrons through biological and 
industrial objects which was not as large as reactor shielding materials with high total 
neutron cross section values. This running procedure was found not to be particularly 
time consuming.
The Monte carlo method has been utilized mainly to determine specific characteristics in 
situations involving complex geometry for which conventional techniques are difficult 
(GLA. 80). Therefore the technique is very suitable to this work, since a medical or 
industrial object with complex geometry can be simulated and constructed by this method, 
and the transmitted neutrons can be obtained after traversing the object. Because 
technique also calculates the number of scattered neutrons at the detection points it is 
advantageous for practical neutron tomography as this number can be predicted 
theoretically and subtracted from the total number of neutrons after scanning and only the 
transmitted neutrons may be used for the reconstruction of the image. The following 
subsections are devoted to simulating neutron collision and transmission by the Monte 
Carlo technique.
3.2.1 Simulation of simple collisions of neutrons with nuclei(JEN'88)&(BL,s,66).
Effective neutron cross section and probability of various types of cross sections are 
studied in part 3.2.1.1, the length of mean free path of neutron in a medium is described in 
part 3.2.1.2 and the number of neutrons which take part in each type of the reactions is 
discussed in part 3.2.1.3 of this subsection.
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3.2.1.1 Effective neutron cross-sections
In neutron physics, reactions between neutron and nuclei are usually described by means 
of effective cross-sections. As a rule these cross-sections depend upon the energy of 
neutrons. The types of microscopic cross section most frequently used are:
• as(E) scattering cross-section; os = Gse + Gsj ^
• rtse(E) elastic scattering cross-section,
• tfsj(E) inelastic scattering cross-section,
• gc(E) capture cross-section,
•  O f(E ) fission cross-section,
• aa(E) absorption cross-section; Ga _ oc + Gf an(j
• Gt(E) total cross-section; Gt _ o s + Gc + Gf
The macroscopic cross-section (E) as discussed at section 2.2. of chapter 2, is defined as 
the product
E=Ng ,
where N is the nuclear density of the material, i.e. the number of nuclei per unit volume, G 
is the microscopic cross section (area). Z has the dimension of unit length.
The ratios of various macroscopic cross-sections to the total cross-section characterize the 
probabilities of various reactions when a neutron collides with a nucleus of the substance. 
These probabilities are used in playing for the type of reaction when the history of a 
neutron is being simulated. For example, when a neutron collides with a nucleus of a 
material for which
= E s + Ec + £f ?
then the probabilities of scattering, capture and fission are respectively:
Z .’ Z .’ S,
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which are the lengths o f the intervals o f the following figure.
T™“
0 z.
X„ + X,
Fig. 3.1
The order of these intervals is arbitrary, but must be kept fixed during the play. In order 
to play for the type of collision, a sequence of random numbers y is found and each the 
interval within which each y  falls is determined. If,
Y <
then we have scattering. If,
____
E, <7< E,
then we have capture. Finally if,
then we have fission.
3.2.1.2 Neutron mean free path length
The length of a complete free path of a neutron is a random variable. If a homogeneous 
body is bombarded by neutrons, the relative number of incident neutrons that travel a 
distance z without having any interaction is:
as shown in Fig 3.2. In Monte-Carlo simulation, individual flight distances must be 
selected randomly in such a manner that the relative number of neutrons having no
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interaction falls off exponentially with distance Z in accordance with a known value of Et. 
The relative number of neutrons, P(Z), that have interacted by depth Z is 1 minus the 
numbers that have not interacted:
P(Z)= l - e ~ L,z.
This function is the cumulative probability for neutron flight distances z. This function, 
shown in Fig 3.3, varies monotonically from 0 to 1 as z increases towards infinity. Thus, 
by choosing a random number 0 < R  < 1 for P(Z) and solving the above equation for the 
corresponding Z, the distribution of flight distances Z can be obtained. It is statistically in 
agreement with Fig 3.3 for a given R.
R =1-
Z = £ln(l-R)
If the values of R are random between 0 and 1, then the values of (1-R) must also be 
random between 0 and 1. So the algorithm for playing for the z values may then be 
replaced by the simpler formula :
Z - a  U R )
N P(Z)
Zi
Fig 3.2
Exponential fall off in the relative number of 
neutrons that reach the depth z without an 
interaction.
Fig 3.3
Cumulative probability for neutrons flight 
distance z. The random number 0<Rj<l 
determines flight distance zp
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3.2.1.3 Statistical weights of neutron replacing the playing of reactions
To explain the most commonly employed technique to introduce statistical weights, it is 
assumed that there is only one type of scattering, either elastic, or inelastic. Consider the 
flight of a "packet" consisting of a large number o  of neutrons. Of these neutrons coEc/Et 
neutrons are captured upon collision coZs/Zt neutrons are scattered and neutrons
cause fission, as a result of which vco£f/Zt fission neutrons appear. This can be 
reformulated in such a way that one may consider that after collision there are two types 
of neutrons - one which is scattered and has weight
a)=coEs / E t
and another which is a fission neutron with weight
co”=vco£f / Zt .
In the above case the type of reaction occurring upon collision has not been played, and 
the trajectory is each time divided by two. The statistical weight is introduced if the 
fraction of neutrons that pass through the body is small (like in the computation of 
transmission of neutrons in shielding). In this case if the probability of transmission is 
10"5, in order to get 10 neutrons behind the shielding 10^  neutrons (trajectories) should 
be traced. This demands a large memory. In such cases the method of modelling physical 
trajectories is discarded, and statistical weights are introduced instead. Therefore, for 
transmission of neutrons in absorbing materials we do not play for the absorption of the 
neutron, but instead we change its weight
c o '= c o Z s  /  £ t
If the statistical weight of a neutron is as small as a cut-off value (a particle weight 
decreases because of multiple scattering) then Russian roulette will be played with it and 
as a result either it dies or it continues until the next Russian roulette plays with it. If it 
dies then the trajectory ends. So in that case the trajectory ends if the weight of the 
neutron is very small ( after many collisions). In the case where it is played for the type of 
the reaction upon collision, the trajectory ends after each absorption. If both elastic and
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inelastic scattering are considered, then each trajectory should be divided into three 
branches. For material without fissionable nuclei the above formula is very convenient.
3.2.2 Neutron transmission simulation and modelling of physical trajectories
In this section the method for computing the transmission of a homogeneous flux of 
neutrons through a plate is discussed. The assumptions are the following: the plate is 
homogeneous, it does not contain fissile material and the total cross-section is
^t = ^ s + ^ c-
With reference to Fig 3.4 the axis oz is perpendicular to the plane
h
Fig 3.4
of the plate, h is the thickness of the plate. The flux of the neutrons come from region 
z <0. Here it has been assumed that the problem is one dimensional and the state of the 
neutron is characterized by only four parameters, the coordinate z, the energy E, the 
direction of the flight p=cos0 and the statistical weight ooq which is usually 1 for 
simplicity.
Obviously the initial value for the coordinate zg may always be taken as zero. The initial 
direction and the energy depend upon the properties of the incident flux. Several particular 
cases can be considered :
a. Mono-energetic flux. The value of Eg is given.
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b. The spectrum n(E) of the energy of the incident flux is given. The value of Eq is to be 
played for by the formula
where y is a random number, 0<y <1, Eq is the initial energy of the neutron and E ^ ^  
Emax arc the minimum and maximum energy of the neutrons spectrum.
c. Parallel flux. The value of p q  is given where p q = c o s 9 .
d. spatially isotropic flux. The value o f Pq is to be played by the formula pQ=y.
The subsequent computation of the trajectory proceeds as follows:
1. Play for the coordinate of the nth collision (n=l,2,3,...).
2. Test the validity of the following conditions:
a. If the neutron has flown through the entire plate
zn -h > 0 ,
b. If the neutron has been reflected back
zn< 0.
If either of these conditions is satisfied then the trajectory is ended, and a record to this 
effect should be made in the corresponding register.
3. If 0 < zn <  h  then we play for the fate of the neutron in this collision. If it should 
happen that
then the neutron undergoes scattering, because the absorption of neutrons has not been 
played it is necessary to change its weight to
y > Zc / Et
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Now it is required to play for the direction and the energy of the scattered neutron. In 
particular if the scattering is elastic and isotropic in the system of the centre of mass 
shown in Fig 3.5, then
cos0 = 2y-l , x = 27tyi 
1 + Acos0cos'F =
Vl+ 2Acos0 + A 2 
A2 +  2Acos0 +1E =E , 
n n~l ( A + i r
M-n =  Fn -1  C0S¥  +  C O S % -y /( l~  [ i V l X l -  COS2 \ | /  )
where 0 is the angle of scattering in a system of coordinates stationary with respect to the 
centre of mass of the neutron and the nucleus and 0 < 0 < n . x is the azimuthal angle of 
scattering 0 < % <  2k  as shown in Fig 3.7. \}/ represents the angle through which the
neutron is deflected from its initial direction as displayed in Fig 3.6. A stands for the 
atomic weight of the element of the plate and y ,y \ are two random numbers.
Thus the neutron transforms from the state (zn_i , p.n_i En_| , co^^to the state (zn , jxn , 
En , G)n )• The computation of the trajectory continues until one of the four conditions for 
ending is satisfied,
1. transmission z > h,
2. reflection z < h,
3. energy cut-off (the energy of neutrons is out of the limit which is set by the user and the 
age limit of the neutrons, for thermal neutrons is considered to be 1 second ) and
4. statistical weight is smaller than the given value so that Russian roulette kills off 
the neutron.
In this way the computation of the next trajectory can be started by playing for a new set 
of values of (z0 , p.0 , E0 , oo^ ).
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Fig 3.5 Scattering of a neutron in the centre of mass system.
Fig 3.6 Scattering of a neutron in the laboratory system.
Fig 3.7 Probability of various directions of scattering for neutrons in the laboratory
system.
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3.3 M ORSE-CGA the M onte-Carlo transport code
The Multigroup Oak-Ridge Stochastic Experiment Combinatorial Geometry Array code 
(MORSE-CGA) is a neutron and gamma-ray transport Monte-Carlo code. The use of 
multigroup neutron cross sections in the MORSE code reduces the effort to produce 
cross-section libraries. The cross-section libraries are available from Oak-Ridge 
Laboratory. The neutron transport can be calculated by MORSE for either isotropic or 
unisotropic scattering up to Pi6 Legendre polynomial expansion of angular distribution 
(ARY. 66). The exponential transform is also provided with parameters allowed as a 
function of energy and region.
The input to MORSE is read in five separate modules : (1) walk, (2), (user) analysis, (3) 
cross-section (4) geometry and (5) source. These modules will be described briefly in the 
following subsections
3.3.1 Random Walk module
The basis of the random walk process is to choose a source particle and then to follow it 
through its history of events. This process is governed by the routines of the random walk 
module. A given problem is performed by following a number of batches of particles 
which then constitute a run; there may be more than one run. The batch process is used so 
that statistical variations between groups of particles can be determined. Thus a batch of 
source particles is generated and then stored in the bank. The random walk of this batch of 
particles is determined by picking one particle out of the bank and performing the 
following procedure:
• transporting it from collision to collision.
• splitting it to two particles. That happens if the particle weight is above a certain 
value. The weight of a particle may be increased because of fission reactions or 
because of reactions of type (n,xn) where x>l.
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• killing by Russian roulette. That happens if the weight of the particle is below a 
certain value, the weight of a particle is decreased because of multiple scattering.
• generate secondary particles (either gamma rays or fission neutrons).
• store the results (weight of particle after the collision, direction cosines of the 
post collision particle, new coordinates of the scattered particle, new energy etc.)
A history is terminated when a particle leaks from the system (is not absorbed from the 
outermost body) and reaches either an energy cut-off or an age limit. The age limit is the 
age in seconds at which the particle is retired, or is killed by Russian roulette. It is 
determined by input data and can be changed, a typical value for the age limit is 1 second.
The random walk module performs the necessary book-keeping for the bank, the 
transportation and generation of new particles and relays this information to the analysis 
module for the estimation of the desired quantities. The analysis module will be described 
later on. During the random walk process, cross-section and geometry modules and 
lnput-output routines are also being used.
In this module the MAIN program is used to set aside the storage required in blank 
common - a region in the memory of the computer that is used to store both the 
intermediate counters and the final result counters- and to pass this information to 
subroutine MORSE which is the executive routine for the random walk process. After 
performing these necessary input instructions and setting up storage requirements, the 
walk performance consists of three nested loops: one for runs, one for batches and the 
inner most is for particles( histories). After each termination of the batch loop, some book­
keeping is required before the generation of the new batch of source particles. After the 
termination of the run or the number of runs, a summary of the termination of the batches, 
scattering counters and secondary production counters are output. The results of Russian 
roulette and splitting for each group and region are also output. A concise flow diagram of 
the Monte-Carlo program using the random walk generating package and the SAMBO 
analyse package(which will be described later) is shown in Fig 3.8.
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Random Walk Generating Package SAMBO Routines
Fig.3.8 Flow diagram of Monte Carlo program using rondom walk module and SAMBO
package
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3.3.2 Analysis module
The analysis module handles most of the work associated with the analysis of the 
collisions in the Monte-Carlo code. The module is made up of the SAMBO package, the 
stochastic analysis machine for book-keeping. This package first of all uses a routine - 
SCORIN- to input the data necessary to define the field of the analysis. Some initialization 
and problem- dependent preparation is also performed. These data may be:
• an arbitrary number of detectors with their coordinates relevant to the dimensions 
of corresponding geometry of the geometry module,
• an energy dependent response functions for each detector,
• energy bins,
• time bins,
• angle bins.
The above data have virtually no numerical limitations other than the available core 
storage. The analysis is divided into:
• uncollided response,
• total response(fluence integrated over each response function of each detector),
• fluence versus energy and detector (energy-dependent fluence),
9 time-dependent response (time-dependent fluence integrated over each 
response at each detector),
• fluence versus time, energy and detector,
• fluence versus angle, energy and detector.
• The above results are stored in arrays in blank common. Each quantity in the above 
arrays is output along with an associated fractional deviation.
Some of the most important routines of the SAMBO package are shown in Fig 3.8. Input 
parameters and initialization are performed at each problem (SCORIN), at each run 
(STRUN) and at each batch (STBATCH). A batch is a group of histories treated together 
for calculation of variances. A run is a set of batches. Terminal operations are performed
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at the end of each batch (NBATCH) and (NRUN). These five routines, when called at the 
appropriate point by the history generation routines, perform most of the necessary book­
keeping. INSCORE and ENDRUN are called from SCORIN and NRUN respectively, to 
allow the insertion of problem-dependent modifications (for example to estimate energy- 
dependent fluence). The default output of the SAMBO analysis is the uncollided and total 
response of the detectors with the fractional standard deviations in two and three 
dimensional arrays respectively. FLUXST is called by the estimating routines to store 
estimates in the appropriate arrays. The most frequently used estimating routines are 
SDATA, RELCOL, BDRYX, VAR1 and VAR2.
SDATA estimates the uncollided fluence (transmitted neutrons) at several point detectors 
for each source event. The source is assumed to emit isotropically and is located at the 
point X, Y, Z. The result of this routine is the uncollided response (transmitted neutrons):
C W M E t e * "  n
47rr2
where WATE is the statistical weight of the source particle, ARG is the negative of the 
number of mean free-paths from source to detector and r is for the distance from source to 
detector.
RELCOL estimates the fluence from the noimal collisions by the following formula:
W AITS.e,w;. P(T H E D l IG ) , ,
where, WATE is the statistical weight of the particle leaving the collision, ARG denotes 
the negative of the number of mean free paths from collision to detector and r stands for 
the distance from collision to detector. P(THETA.IG) is the probability per steradian for a 
particle with energy in the incoming group IG scattering to a lower energy group through 
angle cos-1(THETA) while THETA designates the angle between the incoming direction 
and the line from the collision site to the point detector. The probability per steradian of
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scattering from group IGO (first neutron energy group) to IGQUIT (last neutron energy 
group) through an angle cos"  ^(cos set) is given by the routine PTHETA whereas the angle 
(cos set) is given by the routine THETA.
BDRYX routine is called from the walk module at every entry of a particle track into a 
different geometry medium. If the source-to-collision distance corresponds to a detector 
position, the reciprocal of the cosine of the angle from radius vector to the particle 
direction is used as a fluence estimate. FLUXST is called to store estimate.
Finally there are two other routines shown in Fig 3.8, VARS and VAR2. These routines 
are called to calculate variances and fractional standard deviations (f.s.d.)'s for batch 
statistics.
3.3.3 Multi group cross section module
The function of this module is to:
• read ANISN-format which is a required format for the microscopic cross sections for
media or elements in the program (ENG. 1967),
• mix several elements together to obtain media macroscopic cross sections for each
energy group,
• determine group to group transfer probabilities
• determine angles of scattering for each group-to-group transfer.
The neutron microscopic cross sections data for this work is obtained from DLC-2/100G 
data package. The cross sections are given in barns for 100 neutron groups with energy as 
shown in Table 3.1. The first column of ith row has the absorption cross section for 
neutrons of ith energy group where i = 1 to 100 for neutrons and i =101 to 121 for 
gammas (we did not use gamma for this work). The second column has the neutron fission 
cross section of the ith energy group. The third column has the total neutron cross section
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of that group. Columns 4 to 124 contain the transfer probabilities from the ith energy 
group to the rest of the 121-i groups. The transfer probability of the neutron is the 
scattering probability from a particular energy group to the same energy group or to a 
forward energy group or to a gamma-ray of one of the 21 groups.
The cross section module calculates the total macroscopic cross section for a medium 
made of several elements by using the Mixture Rule. It states that the macroscopic cross 
section of a mixture or a chemical compound can be estimated from the sums of the 
macroscopic cross sections of the constituent elements. Mathematically according to the 
MORSE code it can be cast into:
E total I M ,
(3.3)
where Etotai is the total microscopic cross section of the mixture, cjj is the total microscopic 
cross section of ith element while Nj represents the abundance (number of atoms/unit 
volume) of each element in the medium. It is given by the following equation
Nj —piOjN/Awi (3.4)
where pj is the density of the i th element in the medium in g/cm3, represents the 
proportion by weight of the element in the medium, Awj stands for the atomic weight of 
the ith element of the medium and N is the Avogadro number. Because the neutron cross 
section library has Gj in the unit of bam the abundance of the element in a medium is the 
number of atom per 10‘24cm3.
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Table 3.1 100 groups neutron energy structure for microscopic cross sections
Group Energy range ( eV) Group Energy range ( eV)
1 1.4918E 07 13.499E 07 51 8.6517 E 04 6.7380E 04
2 1.3499E 07 1.2214E 07 52 6.7380E 04 5.2475E 04
3 1.2214 E 07 1.1052E 07 53 5.2475 E 04 4.0868E 04
4 1.1052E 07 1.0000E 07 54 4.0868E 04 3.1828E 04
5 1.0000E 07 9.0484E 06 55 3.1828E 04 2.4788E 04
6 9.0484E 06 8.1873E 06 56 2.4788 E 04 1.9305E 04
7 8.1873E 06 7.4082E 06 57 1.9305E 04 1.5034E 04
8 7.4082E 06 6.7032E 06 58 1.5034E 04 1.1709E 04
9 6.7032E 06 6.0653E 06 59 1.1709E 04 9.1188E 03
10 6.0653E 06 5.4881E 06 60 9.1188E 03 7.1018E 03
11 5.488 IE 06 4.9659E 06 61 7.1018E 03 5.5309E 03
12 4.9659E 06 4.4933E 06 62 5.5309E 03 4.3074E 03
13 4.4933E 06 4.0657E 06 63 4.3074E 03 3.3546E 03
14 4.0657E 06 3.6788E 06 64 3.3546E 03 2.6126E 03
15 3.6788E 06 3.3287E 06 65 2.6126 E 03 2.0347E 03
16 3.3287E 06 3.0119E 06 66 2.0347E 03 1.5846E 03
17 3.0119 E 06 2.7253E 06 67 1.5846E 03 1.2341E 03
18 2.7253E 06 2.4660E 06 68 1.234IE  03 9.6112E 02
19 2.4660E 06 2.2313 E 06 69 9.6112E 02 7.4852E 02
20 2.2313E 06 2.0190E 06 70 7.4852E 02 5.8295E 02
21 , 2.0190E 06 1.8268E 06 71 5.8295E 02 4.5400E 02
22 1.8268E 06 1.6530E 06 72 4.5400E 02 3.5358E 02
23 1.6530E 06 1.4957E 06 73 3.5358E 02 2.7537E 02
24 1.4957E 06 1.3534E 06 74 ; 2.7537E 02 2.1445E 02
25 1.3534E 06 I.2246E 06 75 2.1445 E 02 1.6702E 02
26 1.2246E 06 1.1080E 06 76 ; 1.6702E 02 1.3007E 02
27 1.1080E 06 L0026E 06 77 1.3007E 02 1.0130E 02
28 1.0026E 06 9.0718E 05 78 1.0130E 02 7.8893E 01
29 9.0718E 05 8.2085E 05 79 7.8893E 01 6.1442E 01
30 8.2085E 05 7.4274E 05 80 6.1442E 01 4.7851E 01
31 7.4274E 05 6.7206E 05 81 4.785 IE  01 3.7267E 01
32 6.7206E 05 6.0810E 05 82 3.7267E 01 2.9023E 01
33 6.0810E 05 5.5023E 05 83 2.9023E 01 2.2603E 01
34 5.5023E 05 4.9787E 05 84 2.2603E 01 1.7604E 01
35 4.9787E 05 4.5049E 05 85 1.7604E 01 1.3710E 01
36 4.5049E 05 4.0762E 05 86 1.3710 E 01 1.0677E 01
37 4.0762E 05 3.6883E 05 87 1.0677E 01 8.3153E 00
38 3.6883E 05 3.3373E 05 88 8.3153 E 00 6.4760E 00
39 3.3373E 05 3.0197E 05 89 6.4760E 00 5.0435E 00
40 3.0197E 05 2.7324E 05 90 5.0435E 00 3.9279E 00
41 2.7324E 05 2.4724E 05 91 3.9279E 00 3.0590E 00
42 2.4724E 05 2.237 IE 05 92 3.0590E 00 2.3824E 00
43 2.237 IE 05 2.0242E 05 93 2.3824E 00 1.8554E 00
44 2.0242E 05 1.8316E 05 94 1.8554E 00 1.4450E 00
45 1.8316E 05 1.6573E 05 95 1.4450E 00 1.1254E 00
46 I.6573E 05 1.4996E 05 96 1.1254E 00 8.7644E-01
47 1.4996E 05 1.3569E 05 97 8.7644E-01 6.8257E-01
48 1.3569E 05 1.2277E 05 98 6.8257E-01 5.3159E-0L
49 1.2277 E 05 L1L09E 05 99 5.3159E-01 4 .1400E-01
50 1.H09E 05 8.6517E 04 100 4.1400E-01 LOOOOE-04
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3.3.4 Combinatorial Geometry module
Geometry routines were devised to make complex geometries relatively simple for the 
user. Combinatorial Geometry was developed by Jenkins (etal) and subsequently adopted 
for use in the MORSE Monte-Carlo neutron and gamma-ray transport program (JEN. 
88).
The combinatorial method of specifying input zones in solid bodies is usually easier to 
understand and simpler than specifications in terms of boundary surfaces. Combinatorial 
Geometry describes complex three-dimensional configurations by differing and 
intersecting of simple geometric bodies. The geometric description subdivides the 
problem space into zones which are the result of combining one or more of the following 
simple bodies as shown in Fig 3.9. A list of what acronyms in the figure stand for follows.
• RPP- Right Parallelepiped with sides that are parallel to x, y, and z, the 
minimum and maximum values which are specified.
• BOX - RRP arbitrarily oriented in space. Three mutually perpendicular vectors are 
specified.
• SPH - Sphere. The vertex and a scalar denoting the radius, R, are specified.
• RCC - Right Circular Cylinder, The vertex of the centre of the base, the height 
vector, and a scaler denoting the radius, R, are specified.
• REC - Right Elliptical Cylinder. The coordinates of the centre of the base ellipse, 
the height vector, and the two vectors in the plane of the base defining the 
major and minor axes are specified.
• TRC - Truncated Right Angle Cone. The vertex of the centre of the base, the 
height vector, and two scalers denoting the radii of the upper and lower bases 
are specified.
• ELL - Ellipsoid. Two vertices denoting the foci, and a scaler, R, denoting 
the length of the major axis as specified.
• WED- Right Angle Wedge. Three mutually perpendicular vectors are specified.
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Rectangular parallelepiped (RPP) with required dimensions
A
RCC
R
ELL
WED ARB
Fig 3.9 Body types and required input dimensions
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• ARB - Arbitrary Convex Polyhedron (4, 5, or 6 sides). An index to each vertex 
isassigned, and the x, y, and z coordinates for each are given. Each of the six faces are 
then described by a four-digit number giving the indices of the four vertex points in that 
face. (If there are less than six faces, zeros are entered for the non existing vertices.) 
For each face, these indices must be in either clockwise or counter clockwise order.
Table 3.2 gives the input required for these geometrical bodies as required by the 
combinatorial Geometry package used in MORSE. All body types except the right 
parallelepiped may be oriented arbitrarily with respect to the x, y, and z coordinate axes 
describing the space, but the RPP body type must have sides which are parallel to x, y, and 
z. The basic technique for the description of geometry consist of defining the location and 
shape of the various zones in terms of the intersections and unions of the geometric 
bodies. A special system of signs (+), (-) and (OR) symbol is used to describe the unions , 
differences and intersections of these simple bodies respectively. Whenever a body appears 
in a zone description with (+) operator, it means that the zone being described is wholly 
contained within the body while with (-) operator, it means that the zone being described 
is wholly outside the body. If a body appears with an (OR) operator, it means that the 
zone being described includes all points in the body. Sometimes, a zone may be described 
in terms of subzones lumped together by (OR) statements. Subzones are formed by 
intersects, and then the zone is formed by the union of these intersects. When (OR) 
operators are used, there are always two or more of them, and they refer to all body 
numbers which follow them. That is all body numbers between (OR)'s, or until the end of 
the zone cards for that zone, are intersected together before the (OR)s are performed.
In the following subsections (3.3.4.1 to 3.3.4.4) the procedure to construct bodies using 
combinatorial geometry is given and we have designed and simulated some facilities for 
neutron tomography and radiography.
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Table 3.2 Input required for various bodies in com binatorial geometry
ITYPE
3-5
IALP
7-10 11-20
Data defining particular body 
21-30 31-40 41-50 51-60 61-70
Number of 
line needed
BOX assigned Vx Vy Vz Hlx Hly Hlz 1 of 2
H2x H2y H2z H3x H3y H3z 2 of 2
RPP by user Xmin Xmax Ymin Ymax Zmin Zmax 1
SPH Vx Vy Vz R 1
RCC or by Vx Vy Vz Hx Hy Hz 1 of 2
R 2 of 2
REC code if Vx vy Vz Hx Hy Hz 1 of 2
Rlx Rly Rlz R2x R2y R2z 2 of 2
ELL left Vlx Vly Viz V2x V2y V2z 1 of 2
R 2 of 2
TRC blank Vx Vy Vz Hx Hy Hz 1 of 2
Rl R2 2 of 2
WED or Vx Vy Vz Hlx Hly Hlz 1 of 2
RAW H2x H2y H2z H3x H3y H3z 2 of 2
ARB Vlx Vly Viz V2x V2y V2z 1 of5
V3x V3y V3z V4x V4y V4z 2 of 5
V5x V5y V5z V6x V6y V6z 3of 5
V7x V7y V7z V8x V8y V8z 4 of 5
Face descri ptions 5 of 5
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3.3.4.1 Constructing bodies using combinatorial geometry
A problem geometry is constructed by:
• Defining the location and orientation of each body required for specifying the input 
zone.
• Specifying the input zones as combination of these bodies.
• Specifying the volumes of the input zones (if necessary).
• Specifying the material in each input zone.
The universe for combinatorial geometry is defined by the outermost body which must
enclose all other bodies within it. In order to turn tracking off, this last body is defined as
null region.
3.3.4.2 Sim ulating a sim ple collim ator for brain scanning
An important problem in neutron transmission tomography is the noise of the scattered 
neutrons from the object impinging on the detector. In this section a simple neutron 
collimator will be simulated to absorb scattered neutrons. The data of the constructed 
collimator can be used to calculate the effect of scattering from collimator at image 
position.
As an example for constructing an object for the MORSE code, and also to simulate a 
simple collimator it was assumed that a spherical shaped brain in a skull is located in front 
of a cylindrical collimator, made of carbon as shown in Fig 3.10. The geometry of this 
system can be constructed by using six bodies of SPH, RCC and RPP types. The location 
and orientation of each body would be specified with data similar to those in table 3.2 . 
These data are illustrated in table 3.3. Usually the internal diameter of a collimator 
required for tomography is of the order of the millimeter (mm) diameter. As this is not 
distinguished in the output of the picture program, 20mm diameter was used
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Skull
Collimator
Detector
Fig 3.10 A simple collimator and brain for tomography of the brain
Table 3.3 The location and orientation of the bodies for collimator and brain in skull
No Body Data defining particular body(cm) a*
1 SPH 0.0 0.0 0.0 7.5
2 SPH 0.0 0.0 0.0 8.1
3 RCC -8.1 0.0 0.0 -20.0 0.0 0.0
1.0
4 RCC -8.1 0.0 0.0 -20.0 0.0 0.0
18.0
5 RPP -300.0 300.0 -300.0 300.0 -300.0 300.0
6 RPP -400.0 400.0 -400.0 400.0 -400.0 400.0
Note: a* See section 3.3.4.2 and table 3.2 for descriptions of each body
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instead of 2 mm for illustration purposes. For the calculation of neutron transmission 2mm 
diameter is applied.
Let body number 1 define the external body of the brain so that if we want to define the 
zone of the brain which is medium 1 it will be:
B +1.
Let body number 2 be the external body of the skull. Therefore the zone of the skull which 
is medium 2 will be:
S +2 -1.
Let body number 3 be the external wall of the collimator and body number 4 be the 
internal wall of the collimator. Consequently the zone of the collimator which is made of 
carbon will be defined as:
C +4 -3.
Body number 5 is the external body of a layer of air surrounding the collimator and skull. 
Hence to define the zone of air it will be:
AIR OR +5 -4 -2 OR +3.
Finally body number 6 is the outermost body which includes all other bodies in it. It is the 
null region which has the property to absorb all particles that have escaped from previous 
zones (EMM. 85). The null zone can be defined as :
NUL +6 -5.
To insure that this geometry input data does describe the geometry that we intended for 
the brain and the collimator, the picture program of the MORSE package was used. 
Figure 3.11 is the output of this program. This is the cross section of brain and collimator 
along the x,y plane. In this figure letter M stands for the collimator, letter B represents the 
brain, letter b refers to the skull and “ denotes air which surrounds the skull and is found 
in the collimator. The reason for not having a circular shape for the cross section of the 
brain and skull is that the program is written for a special printer which is different from 
the one we used and therefore the spacing between the lines were different.
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Fig 3.11 The two dimensional plot of a simple collimator for brain scanning
3.3.4.3 Designing a collim ator for neutron tom ography or radigraphy
In neutron tomography or radiography, having a parallel source o f  neutrons is essential. 
In this section our purpose is to design a neutron collimator which can absorb any neutron 
which is not parallel to its axis. A floating type o f  collimator is designed for a pool-type 
reactor. Fig 3.12 is the plan for the collimator. 200cm  length was chosen as it is a 
convenient length for a reactor type collimator (TAB. 77). It is long enough to produce a 
sharp image and it is not too long to spoil the convenience o f  good neutron flux for 
imaging. The collimator body was considered to be graphite which removes fast scattered 
neutrons. T w o aluminium plates which are sealed at both sides o f  the collimator prevent 
water entering the collimator. Location and orientations o f the bodies which have been 
used in the construction o f  the collimator are shown in table 3.4. The specifications o f  the 
input zone and materials o f  each zone are in table 3.5.
Any but the simplest geometry input descriptions in MORSE should be checked visually. 
Figure 3.14 is the two dimensional plot o f  collimator from the PICTURE program. This is
a cross-section o f  the collimator along the x,y plane, the letter I stands for the iron object 
which is spherical with a radius o f  R=4cm and it is located 1cm away from the centre o f  
the collimator outlet. The outlet o f  the collimator is sealed by a 1cm thick aluminum 
plate. The letter A denotes aluminium. The collimator is a through tube o f  200cm  
graphite which has a hollow o f  10cm diameter filled with air (7 denotes air) and has been 
sealed with two 1cm thick aluminum plates at two ends. This cylindrical collimator is 
located in front o f  the uranium reactor core at the middle o f  the water (8 stands for water) 
o f  a pool type reactor. This is surrounded by concrete (M -stands for concrete) wall.
Figure 3-13 is the computer output o f  the PICTURE program at the (y,z) plane crossed by 
the centre o f  the spherical iron object. The object has an 8cm diameter and consists o f  
two holes filled with hydrogen; one o f 2cm diameter at the centre and the second o f  0.2cm  
diameter and located on the y axis, 1.5cm away from the centre o f  the object.
Fig 3.12 Plan o f the collimator for neutron tomography
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Table 3.4 The location and orientation o f the bodies for collim ator and an iron object
NO Body Data defining particular body
1 SPH 0.0 0.0 0.0 1.0
2 SPH 0.0 1.5 0.0 0.1
3 SPH 0.0 0.0 0.0 4.0
4 RCC 6.0 0.0 0.0 6.0 0.0 0.0
50.0
5 RCC 6.0 0.0 0.0 200.0 0.0 0.0
50.0
6 RCC 6.0 0.0 0.0 200.0 0.0 0 .0
5.0
7 RCC 206.0 0.0 0.0 6.00 0.0 0.0
50.0
8 RPP -250.0 250.0 -250.0 250.0 -250.0 250.0
9 RPP -300.0 300.0 -300 .0 300.0 -300.0 300.0
Table 3.5 Specification o f the input zones and medium of each zone for collimator
Media Body number
H OR +1 OR +2
FE +3 -1 -2
AL OR +4 OR +7
C +5 -6
AIR +6
H 2 0 +8 -7 i
IT) -3
CONCRETE(CON) +9 -8
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8 is for air, IT for hydrogen and . stands for iron
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Fig 3.13 The two dimensional plot o f the Iron object containing two holes filled with
hydrogen.
I is for iron, A for aluminium, 7 for air, 8 for water, M for concrete and . stands for 
graphite.
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Fig 3.14 The two dimensional plot o f  a collimator for neutron radiography
73
3.3.4.4 Design of a neu tron  tom ography  ch am b er and  collim ator.
Since carbons are the best fast neutron absorbers, a tomography room made o f graphite 
and a collimator o f graphite were designed for neutron tomography. The method for 
defining the bodies' locations and orientations and specifications o f all bodies are as 
before. Table (3.6) illustrates the input data for the program, which determines 
dimensions o f the system too. Figure (3 .15) is the output o f this run. In this figure letter 
(C) stands the graphite wall o f the tomography room and o f  the collimator, the 
(punctuation mark) denotes for the water coolant o f  the reactor and (.) is the air which 
has filled the chamber and the hollow area o f  the collimator. Inside the chamber has the 
dimension o f  l x l  x l  m3 and it can be changed according to the applications.
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Fig 3.15 The two dimensional plot o f the neutron tomography room and collimator by
PICTURE program
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Table 3.6 Input data for the tomography room  and collimator
• C. A,
TOMOGRAPHY ROOM.
0 0 0 10
RPP -62 .0 < 52 .0 -62.0 +62.0 -62.0 + 62 . 0
RPP -50 .0 +50.0 -50 .0 +S0.0 -50.0 +S0 .0
RCC 50.0 0.0 0.0 2.0 0.0 0.0
5.0
RCC 52.0 0.0
oo 19.7E+01 0.0 0.0
5.QE+01
RCC 52.0
Oo
0.0 19.7E+01 0.0 0 . 0
6.0
RCC 24.9E+01
oo
0.0 4.0 0.0 0.0
S-0E+01
RPP -9.5E+02 9.5E+02 -■9 .5E+02 9.5E+02 -9.5E+02 9 .5E+02
RPP -3.0E+07 3.0E+07 --3 . 0E+07 3.0E+07 -3.0E+07 3 .0E+07
END
C OR +1 -2 -3 OR +4 -5
AIR OR +2 OR +3 OR +5
AL + 6
H20 +7 -6 -4 -1
AIR +0 -7
END
1 1 1 1 1
5*0
1 2 3 4 1000
0 
0 0 THIS IS A TOMOGRAPHY ROOM
-100 .0 -100.0 0.0 300.0 100 .0 0 .0
1.0 0.0 0.0 0.0 1.0 0. 0
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3.3.5 Input to source module
An energy spectrum in M ORSE is defined for the top energy groups o f  all the groups for
which the neutron cross sections are defined. A s discussed earlier the neutron cross
section library gives neutron cross sections for elements for 100 neutron energy groups
determined in table 3.1.
Since the purpose o f  this study is to investigate volum e objects, more neutrons are needed
to be transferred through. Nuclear reactors which produce neutrons from fission reaction
have higher neutron fluxes in comparison with other neutron sources. The neutron
spectrum which is used for neutron transmission tomography calculations b the M ORSE is
a pure thermal fission spectrum o f  U 235. These are measured data from reference
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(W A T.52) which uses a standard reactor field. The spectra are presented in table 3.7. As 
these energy groups are different from neutron cross section groups in table 3.1 it is 
necessary to calculate the neutron fluences for the same 100 energy groups o f  the cross 
sections.
F itspec.f computer program w as written to  find a fit curve for the neutron spectrum and
calculate fraction o f  neutrons for any determined energy group o f  interest. The energy
spectrum o f  U 235 obtained using this program is shown in Fig 3.16. This figure was
compared with the fit obtained by using the X V G R  soft ware at the University o f  Surrey
according to %2 value
both methods produced the same spectrum* The unit for the number o f  neutrons is 
fluence per log energy or lethargy. The program then calculated the neutron fractions for 
the 100 selected energy groups. It writes the output with the correct format for input to  
M ORSE code. The fraction o f  neutrons for each group is presented in table 3.8. As shown  
in the table, only the 59 top energy groups are produced by U235 fission source.
3.4 conclusion
The com plex geom etry o f  industrial and biological objects and the structure o f  a system  
for tomography or radiography can be constructed and designed by., using M O RSE-CG A  
M onte Carlo code. In this chapter a simple collimator to jprovide parallel neutron source, a 
neutron tomography chamber for neutron tom ography or radiography, and a collimator for 
brain scanning was designed and simulated. The data for constructing these systems can be 
used to calculate the effect o f  scattering from them at any point o f  the image position. The
technique also provides the facility for calculating neutron transmission and scattering
through a simulated object and system  at the detector positions It is essential to  apply
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Table 3.7 Fission neutron spectrum of U235
fraction o f neutrons for 54 energy groups from measured data by W atts(W AT.52)
Energy(eV)
Thermal
1.88E-01
2.50E-01
5.00E-01
1.00E+00
2.15E+00
4.65 E+00 
1.00B+01 
2.15E+01
4.65 E+01 
1.00E+02 
2.15E+02
4.65 £+02 
1.00E+03 
2.15E+03
4.65 E+03 
1.00E+04 
1.26E+04
1.5 8 E+04 
2.00E+04 
2.51E+04 
3.16E+04
3.98 E+04
5.01 E+04
6.31 E+04 
7.94E+04 
1.00E+05 
1.26E+05 
1.58E+05 
2.00E+05 
2.51E+05 
3.16E+05
3.98 E+05
5.01 E+05
6.31 E+05
7.94 E+05 
1.00E+06 
1.26E+06 
1.58E+06 
2.00E+06 
2.51E+06 
3.16E+06
3.98 E+06
5.01 E+06
6.31 E+06
7.94 E+06 
1.00E+07 
1.26E+07 
1.58E+07 
2.00E+07 
3.30E+07 
5.90 E+07 
8.23E+07 
1.60E+08 
2.23E+08
Fraction
0.00E+0
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
o .ooe+oo
0.00E+00
O.OOE+OO
1.80E-04
2.8 IE-04
4.09E-04
5.71E-04
7.73E-04
1.03E-03
1.49E-03
2.24E-03
3.07E-03
4.09E-03
5.91E-03
7.86E-03
1.07E-02
1.49E-02
1.99E-02
2.63E-02
3.48E-02
4.54E-02
5.79E-02
6.95 E-02
8.61 E-02
9.28E-02
1.04E-01
1.06E-01
9.73E-02
8.10E-02
5.78 E-02
3.63E-02
2.12E-02
1.05 E-02
6.97E-05
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
O.OOE+OO
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Fig (3.16 )Fission neutron spectrum of U235 reactor source
from measured data by Watt(WAT. 52)
Energy (eV)
78
Table 3.8 Fission spectrum o f  U235 in 59 neutron energy group structure o f  the 
D L C -2/100 groups neutron cross section library
Group N o E l
1 0.135D+08
2 0.122D+08
3 0.111D+08
4 0.100D+08
5 0.905 D+07
6 0.819D+07
7 0.741 D+07
8 0.670D+07
9 0.607D+07
10 0.549D+07
11 0.497D+07
12 0.449D+07
13 0.407D+07
14 0.368D+07
15 0.333 D+07
16 0.301 D+07
17 0.273 D+07
18 0.247D+07
19 0.223 D+07
20 0.202D+07
21 0.183 D+07
22 0.165 D+07
23 0.150D+07
24 0.135D+07
25 0.122D+07
26 0.111 D+07
27 0.100D+07
28 0.907D+06
29 0.821 D+06
30 0.743 D+06
31 0.672D+06
32 0.608D+06
33 0.550D+06
34 0.498D+06
35 0.450D+06
36 0.408 D+06
37 0.369D+06
38 0.334 D+06
39 0.302D+06
40 0.273 D+06
41 0.247 D+06
42 0.224 D+06
43 0.202D+06
44 0.183 D+06
45 0.166 D+06
46 0.150D+06
47 0.136D+06
48 0.123D+06
49 0.111 D+06
50 0.865D+05
51 0.674D+05
52 0.525 D+05
53 0.409 D+05
54 0.318D+05
55 0.248D+05
56 0.193 D+05
57 0.150D+05
58 0.117 D+05
59 0.912D+04
E2 Fraction
0.149D+08 O.OOOD+OO 
0.135D+08 0.558D-Q4 
0.122D+08 0.168D-03 
0.111D+08 0.152D-03 
0.100D+08 0.159D-01 
0.905D+07 0.218D-01 
0.819D+07 0.270D-01 
0.741D+07 0.319D-01 
0.670D+07 0.367D-01 
0.607D+07 0.416D-01 
0.549D+07 0.468D-01 
0.497D+07 0.516D-01 
0.449D+07 0.559D-01 
0.407D+07 0.589D-0I 
0.368D+07 0.600D-01 
0.333D+07 0.594D-01 
0.301 D+07 0.574D-01 
0.273D+07 0.546D-01 
0.247 D+07 0.511 D-01 
0.223 D+07 0.470D-01 
0.202D+07 0.423D-01 
0.183D+07 0.370D-01 
0.165D+07 0.317D-01 
0.150D+07 0.275D-01 
0.135D+07 0.243D-01 
0.122D+07 0.212D-01 
0.111 D+07 0.178D-01 
0.100D+07 0.146D-01 
0.907D+06 0.121 D-01 
0.821 D+06 0.101D-01 
0.743D+06 0.843D-02 
0.672D+06 0.690D-02 
0.608 D+06 0.559D-02 
0.550D+06 0.452D-02 
0.498 D+06 0.364D-02 
0.450D+06 0.293D-02 
0.408D+06 0.235D-02 
0.369D+06 0.188D-02 
0.334D+06 0.151D-02 
0.302D+06 0.121D-02 
0.273D+06 0.967D-03 
0.247 D+06 0.771D-03 
0.224D+06 0.608D-03 
0.202D+06 0.476D-03 
0.183 D+06 0.373D-03 
0.166D+06 0.294D-03 
0.I50D+06 0.234D-03 
0.136D+06 0.188D-03 
0.123 D+06 0.150D-03 
0.111 D+06 0.244D-03 
0.865D+05 0.134D-03 
0.674D+05 0.753D-04 
0.525D+05 0.386D-04 
0.409D+05 0.199D-04 
0.318D+05 0.113D-04 
0.248D+05 0.630D-05 
0.193 D+05 0.340D-05 
0.150D+05 0.174D-05 
0.117D+05 0.583D-06
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the combinatorial geom etry module to display two dim ensional slices through the 
specified simulated object before running the program for the neutron transmission 
calculations. This determines if  there are any mistakes in the specification o f  the input 
geometry. It is also helpful to apply cross section module in the M ORSE code to calculate 
the neutron macroscopic cross sections beforehand. This will save the need for a big 
memory for running the program for the transmission calculations in following chapter.
This initial study allowed the development o f  the techniques for designing and 
constructing input geometry o f  the objects and structures o f  interest to conform to the 
operational requirement o f  the M ORSE code. It also prepared a multi-energy neutron 
source for DLC neutron cross section library and modified the M ORSE code for our 
calculations. Therefore w e are now  in a position to  analyse the transmission o f  neutrons 
through different media. This is done in the next chapter.
80
Chapter 4
Detectability of fast neutrons in transmission through 
biological and industrial matrices
4.1 Introduction
This chapter is devoted to calculating the transmission o f  fast neutrons in biological and 
industrial objects by using the M ORSE code. The main objective is to study the 
detectability o f  fast neutrons in transmission through volum e matrices as a complementary 
method o f  non destructive testing for photon transmission technique. The objects are 
simulated according to their elemental com position and their size. The data obtained for 
U 235 fission neutrons fraction in the last chapter and the values o f  the microscopic cross 
sections from the DLC-100G  package are used to calculate transmission o f  neutrons 
through the elements. The mean free path o f  the neutrons and their macroscopic cross 
sections are calculated and compared in the matrices o f  interest. Finally the ratio o f  
transmitted neutrons through one cross section o f  each object are obtained and presented  
in the sections o f  this chapter. These results will be used for the reconstruction o f  the 
im age and the production o f fast neutron simulated tomographs in chapter 6
81
To define the detectability o f  fast neutrons transmission technique, the minimum 
detectable mass o f  som e elements o f  interest are calculated and studied in biological and 
industrial objects. The optimum neutron energy for detection o f  bone mineral in bone, 
bone marrow in bone, bone in tissue, addition o f  water in the brain o f  Alzheimer patients, 
engine oil in aluminium combustion engine and engine oil in iron engine are obtained.
Section 4.2 is concerned with calculating the transmission o f  neutrons in medical matrices 
and comparing the interaction o f  the neutrons in these media. The transmission o f  
neutrons through industrial objects will be reviewed in section 4 .3 . Our conclusion is 
presented in section 4.4
4.2 Computational procedure
The procedure for running the program that calculate the transmission o f  neutrons through 
objects o f  interest is described in this section. The neutron source is assumed to produce 
from 10^ to 10^ neutrons per second depending on the ratio o f  the neutrons transmitted 
and the need to compromise between spending less computer time and having good  
fractional standard deviation. For a ratio assumed to be 5000 particles per batch the 
program was run once for 200 batches. After the, run the total number o f  neutrons and 
uncollided (transmitted) neutrons with the fractional standard deviations are given for each  
detector position. The output o f  the numerous counters in the M ORSE permits to  
calculate the transmission o f  neutrons at many positions o f  the w hole area o f  the image o f  
the object. The calculation was performed on one horizontal line o f  the centre o f  all 
objects o f  interest. The results o f  the transmission at the detectors can be assumed as a set 
o f the raysums for one angle o f  the projection to be used for the reconstruction o f  the 
image. The detectors for this work were assumed to be on one line perpendicular to the 
neutrons direction and in the horizontal cross section o f  the object as shown in Fig 4.9. If
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w e use the detectors in the whole o f  the plane perpendicular to the neutron beam instead 
o f those on only one line, we will be able to image all the cross sections o f  the object 
which are perpendicular to the plate o f  the detector. The program also calculates 
m acroscopic cross section o f  neutrons by using the cross section module for all the 
neutron energy groups for each medium.
4.3 Transmission of fast neutrons in biological objects
Internal investigation o f  heavy materials in a thick section o f  the body is difficult by 
photon transmission technique. Bone consists mainly o f  calcium (B U D . 83) which is a 
heavy elem ent and it is not readily transparent to gamma rays (HAR. 89). Therefore it is 
expected that the bone demineralisation disease can be detected by fast transmitted 
neutrons and abnormalities o f  materials inside the bone like bone marrow and brain can be 
distinguished better by transmitted fast neutrons than gamma rays.
W e study the transmission o f  fast neutrons through bone and bone marrow, then through 
tissue, bone and bone marrow to investigate detection o f the bone minerals and trace 
elements in bone marrow in subsections 4.3.1 and 4 .3 .2 . Transmission o f  fast neutrons in 
skull and brain is investigated in part 4 .3 .3 . Analysing the brain tumor by fast neutron 
transmission technique is in part 4 .3 .4 . Investigation o f  boron injected brain for neutron 
therapy o f  the brain tumor is in part 4 .3 .5 . Finally the detection o f  water increase in 
sporadic Alzheim er’s disease is studied in subsection 4.3.6
4.3.1 Study of bone and bone marrow
This subsection is to investigate the penetration ability o f  fast neutrons through bone and 
bone marrow. In part 4 .3 .1a we simulate an object made o f  bone and bone marrow 
according to their com positions and dimensions in the body. In part 4 .3 .1b  the
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macroscopic cross section, the mean free path and the transmission o f fast neutrons in 
bone and bone marrow have been calculated and discussed.
4.3.1.1 Simulation o f an object m ade of bone and bone marrow
To investigate the transmission of neutrons in a medium the number o f atoms of each 
element per unit volume needs to be defined. The composition of an adult fresh bone 
without bone marrow is shown in Table 4.1 (SYN. 94).
The error for cortical and trabecular bone of the same individual in table 4.1 are 
17±2% for water, 25±1% for protein, 1±0.1% for fat and 54±1% for ash.
Table 4.1 Fresh bone composition in body (SNY. 1994)
substances Proportion (percentage by weight)
Ash( calcium and minerals) 54%
Fat 1%
Protein 2 5 %
Water 17%
To obtain the elemental abundance of bone the following data have been used:
• ash bone chemical composition is 2Ca(OH^ [C^ (P O ^ ) ]^  (BUD. 83). Consequently 
its elemental compositions is given in table 4.2.
• fat chemical composition is C O ■ H (SYN. 94) hence in table 4.3 its elemental57 6 Ho
composition is listed.
• protein and water elemental compositions are shown in table 4.4 (SYN.94) and 
table 4.5.
• density of bone without bone-marrow is 2.2 gem-3 (SYN. 94).
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Finally elemental com positions o f  bone were obtained from the above data. The results 
are presented in table 4 .6  and the elemental abundance o f  bone is found in table 4.10.
Proportional weights o f  the elements in red bone marrow and yellow  bone marrow are 
shown in tables 4 .7  and 4.8 (SY N . 94). The density o f  red-bone-marrow is 1.028 gcm “3 
and yellow  bone marrow is 0.983 gem -3 (SY N . 94). Elemental abundance o f  elements in 
red bone marrow and yellow  bone marrow are obtained from form ulae(3.4) and are 
represented in tables 4 .7  and 4.8.
The neutrons pass through the air to  reach the object. Therefore air had to be defined as 
another input medium. Composition o f  air is given in table 4.9. Then the elemental 
abundance o f  air was calculated from formula 3 .4  by considering air with density o f  1.29 
g/lit (at room temperature and atmospheric pressure) and presented in tables 4 .10  and 
4.11. (EM M .85).
The abundance o f  each element in the cross section module represents the number o f  the
element in unit volum e o f  each medium. A s the cross sections input data have the
dimension o f  bam therefore the input abundance is expected as the number o f  the atoms o f
the elements per 10"24cm3 The abundance o f  the elemental com positions o f  bone, red
bone marrow and yellow  bone marrow have been calculated by using formula(3.4) and the 
fraction by w eight o f  each medium.. The results are represented in tables 4 .10  and 4.11.
These tables specify the media that neutrons traverse, the abundance o f  each element and
the elements order. The element order in these tables stands for the order that the cross
section for that element has been entered in the input o f  the cross section module. For
these calculations the cross sections w ere entered in the order o f  the atomic weight o f  the
elements. Table 4.10 represents input data for red bone marrow, bone and air; and table 4.
11 includes the data for yellow  bone marrow, bone and air. The location and orientation
o f  the bodies o f  the bone and bone marrow are given in table 4.12. Specification o f  input
zone and medium o f  each zone are shown in table 4 .13. These are the required data for
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calculation o f  the macroscopic cross sections and transmission o f  neutrons in bone and 
bone marrow by the M ORSE computer program which will be discussed in the next part.
Table 4 .2  Elemental com position o f  ashed bone
Element W eight fraction
H 0.0020 i
0 0.4000 !
P 0.1800
Ca 0.3900
Table 4.3 Elemental com position o f  fat
Element W eight fraction
H 0.1244
C 0.7678
O 0.1077
Table 4 .4  Elemental com position o f  protein
Element W eight fraction
H 0.07 ,
C 0.53
N 0.16
O 0.23
s 0.01
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Table 4.5 Elemental composition o f w ater
Element W eight fraction
H 0.1111
0 0.8888
Table 4 .6  Elemental com position o f  bone
Element Proportion (percentage by weight) Atom ic weight
H 0.040612 1.0079
C 0.140178 12.0100
N 0.040000 14.0067
0 0.424350 15.9994
P 0.09720 30.9738
s 0.002500 32.0000
Ca 0.215290 40.0800
Table 4 .7  The major elemental com position o f  red bone-marrow
Element Proportion (percentage by weight) Atom ic weight
H 0.108518 1.0079
C 0.413120 12.01
N 0.032000 14.0067 1
O 0.444680 15.9994
s 0.002000 32.000
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Table 4.8 The major elemental composition of yellow bone-marrow
Element Proportion (percentage by weight) Atom ic weight
H 0.119104 1.0079
C 0.635440 12.01
N 0.006400 14.0067
O 0.227519 15.9994
s 0.000400 32.00
Table 4.9 Major elemental com position o f  air
Element Proportion (percentage by weight) Atom ic weight
N 0.20 14.0067
O 0.80 15.9994
Since D1 D n /O A  = SD1 /  SA andD l Di /  OB = SD1 /  SB,
where SO=500mm, OB=5mm and OA=10m m,
Therefore D lD i = 5 .1mm and D lD n =  10.2mm.
Fig (4.1) Analysis o f the image position produced by a point source
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Table 4.10 Input data for the bone and the red bone m arrow in air (three media)
Medium Element Medium No. Element
order
Element abundance 
atom per 10"24cm3
Red marrow H 1 +1 0.066686
tl C 1 +2 0.021321 s
tt N | 1 +3 0.001415
it O 1 +4 0.017214
ti S 1 -6 * 0.000107
Bone H 2 +1 0.048311
il C 2 +2 0.014005
ti N 2 +3 0.003424
t! 0 2 +4 0.034823
It P 2 +5 0.003961
tt s 2 +6 0.000103
II Ca 2 0.006631
Air N 3 +3 0.000044
ii 0 3 -4* 0.000010
Note: * negative sign for elem ent order determines the last elem ent in that medium.
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Table 4.11 Input data for the bone and the yellow  bone marrow in air
Media Element Media
number
Element
order
Element abundance 
atom per 10"24cm3
Yellow marrow H 1 +1 0.069987
tl C 1 +2 0.031359
tt N 1 +3 0.000270
1 0 1 +4 0 .008422
It s 1 - 6 * 0 .000007
Bone H 2 +1 0.048311
\ it C 2 +2 0.014005  ;
tt N 2 +3 0.003424
tt O 2 +4 0.032550
tt P 2 +5 0.003725
| ti s 2 +6 0 .000103
tl Ca 2 -7 * 0.007447
Air N 3 +3 0 .000044  1
it O 3 - 4 * 0 .000010
* N egative sign for an elem ent order determines the last elem ent in that media.
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Table 4 .12 The location and orientation o f  the bodies for the bone and the bone marrow
B ody N o Body Data defining Darticular body*
1 RCC 0.0 0 .0 -5 .0 0.0 0 .0 10.0
0.5
2 RCC 0.0 0.0 -5 .0 0.0 0.0 10.0
1.0
3 RPP -250.0 250.0 -250 .0 250.0 -250.0 250.0
4 RPP -260 260 -260 260 -260 260
5 RPP -300.0 300.0 -300 .0 300.0 -300.0 300.0
Note: * See table 3.2 for the description o f  each body.
Table 4.13 Specification o f  the input zones and medium o f  each zone 
for the bone and the bone marrow
Media Definition o f  each zone by the body numbers
Bone marrow + 1
Bone +2 -1
Air +3 -2
Null +4 -3
OUT +5 -4
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4.3.1.2 Transmission of neutrons in bone and bone marrow object
The M ORSEZ is a version o f  the M ORSE code which is modified for our calculations. 
The program calculates the macroscopic cross sections o f  the media from data in tables 
4.12 and 4.13 for all energy groups by using equation (3.3). Then the mean free path 
(Z = l/£ t) o f  neutrons in each medium is obtained as a function o f  energy groups. The 
results are as follow s
Tables 4 .14 to 4 .17  represent the macroscopic cross section and mean free path o f  
neutrons for 100 groups o f  energies for bone, red bone marrow, yellow  bone marrow and 
air respectively. The values in these tables are displayed as versus energy in Fig 4 .2  and 
as mean free path versus energy in Fig 4.2a.
M acroscopic cross sections (mac c/s) o f  neutrons for bone, red bone marrow and yellow  
bone marrow are compared in Fig 4.2. In order to  understand w hy the peaks in these  
graphs are similar, one needs to compare them with the m icroscopic cross section (mic 
c/s) curves o f  the main elemental com position o f  these matrices (H , C, O, N , P, and Ca). 
The curves for the neutron energies 0.1 to  6 M eV  are displayed in Figs 4.3 to  4 .8 (MCL. 
88). For energies larger than 0 .4  M eV , all three media o f  bone, red bone marrow and 
yellow  bone marrow have peaks at the same energies. These are due to  the concentration 
o f  C, N  and O since the total mac c/s o f  H  varies as 1/v (whereas v  is the velocity o f  the 
neutron) and hence can be neglected. Comparing the maximum (m ax) values o f  the mac 
c/s o f  the media in Fig 4 .2  with those o f  the elements in Fig 4 .4  to 4 .8  and considering the 
elemental abundance o f  each element in the matrices in tables 4 .10  and 411, the following  
observations can be inferred:
•  The max values at 0.45, 1.0 and 1.25 M eV  are due to  the concentration o f  O since it 
has higher mic c/s and about 10 times more abundance than N  in all media o f  bone, red 
and yellow  bone marrow. M ic c/s o f  C like H  which varies as 1/v at this range o f  
energy, does not effect on the peak.
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• The minimum (min) value at 2.5 M eV energy is mainly due to the min value o f  the mic 
c/s o f  0 .  C may have som e effect at this energy weighted according to its abundance. 
The reduction caused by N is much lower than 0  mostly because o f  its lower 
abundance.
•  The max values at 3.5 and 7.75 M eV energy caused by the weight sum o f  the m ic c/s o f  
C, N and O weighted according to their abundance. Again N  has much low er effect 
than the other two due to its low  abundance. For bone marrow the max value is 
essentially due to C since it has higher abundance, while for bone it is mainly due to  
higher concentration o f O.
•  For energies less than 0.45 M eV only the mac c/s for the bone has peaks and these are 
due to the concentration o f  Ca which has higher mic c/s and elemental abundance than 
Phosphate.
These observations entail that any change in the elemental com position o f  bone and bone 
marrow would cause alteration in the mac c/s in Fig 4 .2  and would distinguishes the 
abnormalities in the matrices, the area under the peaks determine the reason for 
abnormalities. The red bone marrow and the yellow  bone marrow exhibit, as expected, 
nearly the same value for the m acroscopic cross sections. The small differences between  
the two cu ives are for the neutron energies 0.45 M eV, 1 M eV and 2 .4  M eV. The 
difference is due to the higher concentration o f  oxygen in red bone marrow (1.7% in table 
4.10) than in yellow bone marrow (0.84%  in table 4.11). B one has a higher macroscopic 
cross section than that o f the red bone marrow or yellow bone marrow. This is due to the 
higher concentration o f  oxygen in bone which is 3 times larger than in red bone marrow or 
yellow  bone marrow.
The large difference between the macroscopic cross sections o f  bone and bone marrow 
for fast neutrons and the penetration o f  fast neutrons in bone (see below) provide the 
possibility o f  discriminating bone marrow in bone. This can be used to detect bone 
marrow abnormalities and diseases.
93
The transmission ratios o f  fast neutrons in bone and bone marrow, as a function o f  
neutron energies, were calculated in the analyse module by the aid o f  subroutine SD A T A  
as described in subsection 3.3.2. The analyse module in the M ORSEZ also calculates 
variances and fractional standard deviations by using the subroutine VAR. Table 4 .18  
represents the transmission o f  neutrons through 20 mm cylindrical bone with 10 mm bone 
marrow at its centre. The fractional standard deviations are also shown in this table. The 
diagrammatic representation o f  the transmission o f  neutrons through bone and bone 
marrow are presented in Fig 4.9. The position o f  the detectors were at the back o f  the 
bone parallel to the y axis in the xy plate and at 1 mm distance from each other. These are 
displayed in table 4 .1 8a. The detectors are located only at the upper half part o f  the image 
as the object is symmetrical and produces the same results for both halves.
The point source was chosen for this analysis as the program was written for a point 
source. Separate subroutine and further modifications to the M O RSE will be needed for 
different configuration o f  the source. The source was assumed to be at a 500 mm distance 
from the point o f  origin or the centre o f the bone marrow. The location o f  the outside 
images o f  the bone marrow and the bone were analysed as shown in Fig 4.1. The raysums 
tangent to the exteriors o f  bone and bone marrow at points A and B are detected at 
detectors D j and Dj, with D j D p  5.1 mm and D jD n=10.2m m . D etector 1 is receiving the 
raysums through the centre o f  the object at y = 0 so that the exterior o f the bone marrow 
is imaged between detectors 6 and 7 and that o f  the bone is between detectors 11 and 12. 
The .smooth and very low growth for the transmission ratios for detectors 1 to 6 as shown  
in Fig 4 .9  are due to the slow  decreasing o f  the thickness o f  the object at the centre. The 
higher growth for the transmission ratios for detectors 7 to 11 is due to the decrease o f  
the bone thickness with the higher value o f  the macroscopic cross section in comparison  
with bone marrow which the thickness decrease with a lower rate o f  macroscopic cross 
section. The larger value o f  transmission ratio (0.94) at detectors 12 to 15 is due to the 
low  macroscopic cross section o f  air.
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The results o f  transmission o f  neutrons determine penetration o f  fast neutrons in bone. 
The minimum detectable masses o f  calcium in bone were calculated for several fast 
neutron energies by using the equation (2.15). For neutron energies o f  0 ,45, 0 .55, 0.88, 
1.49 and 6.9 M eV, the values o f  the minimum detectable mass o f  Ca in bone, for a m odest 
value o f  f=0.01 are 10.5, 10, 10.08, 10.34 and 10.32 m g/g respectively. A s shown in 
tables 4.1 and 4 .2  bone is com posed o f  22% o f  Ca (i.e. 220 m g/g). Consequently fast 
transmitted neutrons detect 4.5%  o f  the loss o f  the Ca in the bone.
Our findings about the transmitted fast neutrons clearly show a distinction o f  bone from  
bone marrow. The contrast for detection o f  bone in bone marrow w as calculated by using 
formula
C =  (I1-I2) / ( I , t I 2) 1/2 (4 .1)
given by Sanders (SA N . 8) where Ii is the intensity transmitted throug media 1 and 2 and 
and I2 intensity through media 2
respectively. The data for intensities o f  I2 and Ii through bone and bone pluse bone 
marrow are obtain from ratio o f  transmitted to the incident neutrons in Fig 4 .9  and number 
o f  incident neutrons which assumed to be 168000 n/cm2. H ence contrast for detection o f  
bone marrow in bone is 5. This means signal obtained from bone marrow is five times 
larger than the one from bone. W e will use the results for transmission o f  neutrons in 
chapter 6, to reconstruct the neutron tomograph o f  the bone marrow in bone.
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TABLE. 4 .14 MEAN FREE PATH (M .F.P) A N D  M ACROSCOPIC CROSS  
SECTION(SIGT) OF NEUTRO NS FOR BO NE
ENERG Y(eV )
0.1492E+08 
0.1350E+08 
0.1221E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06
S IG T (l/cm )
0.2863E+01 
0.2889E+01 
0.3023E+01 
0.2846E+01 
0.2853E+01 
0.2893E+01 
03149E+01 
0.2957E+01 
0.2953E+01 
0.3243E+01 
0.3355E+01 
0.3475E+01 
0.4146E+01 
0.4674E+01 
0.5088E+01 
0.4190E+01 
0.3825E+01 
0.3494E+01 
0.3036E+01 
0.3646E+01 
0.4117E+01 
0.3952E+01 
0.4080E+01 
0.3995E+01 
0.5290E+01 
0.4699E+01 
0.6108E+01 
0.6405E+01 
0,4601 E+01 
0.4258E+01 
0.4264E+01 
0.4955E+01 
0.5067E+01 
0.5174 E+01 
0.8378E+01 
0.1085E+02 
0.6441 E+01 
0.6495E+01 
0.5458E+01 
0.5574E+01 
0.7132E+01 
0.5896E+01 
0.6249E+01 
0.5135E+01 
0.6909E+01 
0.5948E+01 
0.7701 E+01
M .F.P(cm)
0.3493E+00
0.3461E+00
0.3308E+00
0.3514E+00
0.3505E+00
0.3457E+00
0.3176E+00
0.3382E+00
0.3386E+00
0.3084E+00
0.2981E+00
0.2878E+00
0.2412E+00
0.2139E+00
0.1965E+00
0.2387E+00
0.2614E+00
0.2862E+00
0.3294E+00
0.2743E+00
0.2429E+00
0.2530E+00
0.2451E+00
0.2503E+00
0.1890E+00
0.2128E+00
0.1637E+00
0.1561E+00
0.2173E+00
0.2349E+00
0.2345E+00
0.2018E+00
0.1974E+00
0.1933E+00
0.1194E+00
0.9217E-01
0.1553E+00
0.1540E+00
0.1832E+00
0.1794E+00
0.1402E+00
0.1696E+00
0.1600E+00
0.1947E+00
0.1447E+00
0.1681E+00
0.1299E+00
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Table 4 .14  (continued) 
ENERG Y(eV ) S IG T (l/cm ) M .F.P(cm)
0.1357E+06 
0.1228E+06 
0.1111E+06 
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171E+05 
0.9119E+04 
0.7102E+04 
0.5531E+04 
0.4308E+04 
0.3355E+04 
0.2613E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855E+01 
0.1445E+01 
0.1125 E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
0.5862E+01 
0.5611E+01 
0.6236E+01 
0.6289E+01 
0.6514E+01 
0.6781 E+01 
0.6925E+01 
0.6973E+01 
0.7264E+01 
0.7310E+01 
0.7549E+01 
0.7636E+01 
0.7739E+01 
0.7646E+01 
0.7660E+01 
0.7704E+01 
0.7749E+01 
0.7775E+01 
0.7800E+01 
0.7820E+01 
0.7837E+01 
0.7849E+01 
0.7859E+01 
0.7869E+01 
0.7879E+01 
0.7889E+01 
0.7899E+01 
0.7909E+01 
0.7919E+01 
0.7930E+01 
0.7936E+01 
0.7938E+01 
0.7940E+01 
0.7942E+01 
0.7945E+01 
0.7947E+01 
0.7950E+01 
0.7953E+01 
0.7956E+01 
0.7964E+01 
0.7982E+01 
0.7997E+01 
0.8010E+01 
0.8026E+01 
0.8044E+01 
0.8060E+01 
0.8078E+01 
0.8097E+01 
0.8114E+01 
0.8136E+01 
0.8156E+01 
0.8177E+01 
0.1031 E+02
0.1706E+00
0.1782E+00
0.1604E+00
0.1590E+00
0.1535E+00
0.1475E+00
0.1444E+00
0.1434E+00
0.1377E+00
0.1368E+00
0.1325E+00
0.1310E+00
0.1292E+00
0.1308E+00
0.1305E+00
0.1298E+00
0.1290E+00
0.1286E+00
0.1282E+00
0.1279E+00
0.1276E+00
0.1274E+00
0.1272E+00
0.1271E+00
0.1269E+00
0.1268E+00
0.1266E+00
0.1264E+00
0.1263E+00
0.1261E+00
0.1260E+00
0.1260E+00
0.1259E+00
0.1259E+00
0.1259E+00
0.1258E+00
0.1258E+00
0.1257E+00
0.1257E+00
0.1256E+00
0.1253E+00
0.1250E+00
0.1248E+00
0.1246E+00
0.1243E+00
0.1241E+00
0.1238E+00
0.1235E+00
0.1232E+00
0.1229E+00
0.1226E+00
0.1223E+00
0.9699E-01
97
TABLE 4.15 M EAN FREE PATH (M .F.P) A N D  MACROSCOPIC  
CROSS SECTION (SIGT) OF NEUTRONS FOR RED BO NE M ARROW
E NERG Y(eV )
0.1492E+08 
0.1350E+08 
0.1221E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003 E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06 
0.1357E+06 
0.1228E+06 
0.1111 E+06 
0.8652E+05 
0.6738E+05
SIG T (cm -l)
0.1443E+01 
0.1434E+01 
0.1503E+01 
0.1298E+01 
0.1257E+01 
0.1240E+01 
0.1541E+01 
0.1151E+01 
0.1181E+01 
0.1328E+01 
0.1385E+01 
0.1473E+01 
0.1983E+01 
0.2414E+01 
0.2844E+01 
0.2117E+01 
0.1807E+01 
0.1561 E+01 
0.1346E+01 
0.1845E+01 
0.2167E+01 
0.2095E+01 
0.2328E+01 
0.2535E+01 
0.3359E+01 
0.2906E+01 
0.4156E+01 
0.4258E+01 
0.3146E+01 
0.3121 E+01 
0.3231 E+01 
0.3366E+01 
0.3564E+01 
0.4037E+01 
0.6423E+01 
0.8056E+01 
0.5000E+01 
0.4449E+01 
0.4370E+01 
0.4400E+01 
0.4461 E+01 
0.4538E+01 
0.4626E+01 
0.4715E+01 
0.4806E+01 
0.4898E+01 
0.4991 E+01 
0.5086E+01 
0.5187E+01 
0.5315 E+01 
0.5495 E+01 
0.5674 E+01
M .F.P(cm)
0.6930E+00 
0.6974E+00 
0.6653E+00 
0.7704E+00 
0.7955E+00 
0.8065E+00 
0.6489E+00 
0.8688E+00 
0.8467E+00 
0.7530E+00 
0.7220E+00 
0.6789E+00 
0.5043E+00 
0.4143E+00 
0.3516E+00 
0.4724E+00 
0.5534E+00 
0.6406E+00 
0.7429E+00 
0.5420E+00 
0.4615E+00 
0.4773E+00 
0.4296E+00 
0.3945E+00 
0.2977E+00 
0.3441 E+00 
0.2406E+00 
0.2349E+00 
0.3179E+00 
0.3204E+00 
0.3095E+00 
0.2971 E+00 
0.2806E+00 
0.2477E+00 
0.1557E+00 
0.1241 E+00 
0.2000E+00 
0.2248E+00 
0.2288E+00 
0.2273E+00 
0.2242E+00 
0.2204E+00 
0.2162E+00 
0.2121 E+00 
0.2081 E+00 
0.2042E+00 
0.2004E+00 
0.1966E+00 
0.1928E+00 
0.1881 E+00 
0.1820E+00 
0.1762E+00
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TA BLE 4.15 (CONTINUED)
EN ER G Y (eV ) SIG T (cm -l) MLF.P(cm)
0.5248E+05 
0.4087E+05 
0.3183E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171E+05 
0.9119E+04 
0.7102E+04 
0.5531E+04 
0.4308E+04 
0.3355E+04 
0.2613E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145 E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371 E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855 E+01 
0.1445E+01 
0.1125E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
0.5836E+01 
0.5979E+01 
0.6100E+01 
0.6202E+01 
0.6289E+01 
0.6358E+01 
0.6416E+01 
0.6461 E+01 
0.6498E+01 
0.6529E+01 
0.6554E+01 
0.6575E+01 
0.6593E+01 
0.6608E+01 
0.6621 E+01 
0.6633E+01 
0.6642E+01 
0.6647E+01 
0.6653E+01 
0.6658E+01 
0.6664E+01 
0.6669E+01- 
0.6675E+01 
0.6680E+01 
0.6686E+01 
0.6689E+01 
0.6690E+01 
0.6691 E+01 
0.6692E+01 
0.6693E+01 
0.6693E+01 
0.6694E+01 
0.6695E+01 
0.6696E+01 
0.6697E+01 
0.6698E+01 
0.6699E+01 
0.6700E+01 
0.6701 E+01 
0.6702E+01 
0.6704E+01 
0.6705E+01 
0.6707E+01 
0.6709E+01 
0.6711 E+01 
0.6714E+01 
0.6717E+01 
0.9976E+01
0.1714E+00 
0.1673E+00 
0.1639E+00 
0.1612E+00 
0.1590E+00 
0.1573E+00 
0.1559E+00 
0.1548E+00 
0.1539E+00 
0.1532E+00 
0.1526E+00 
0.1521E+00 
0.1517E+00 
0.1513E+00 
0.1510E+00 
0.1508E+00 
0.1506E+00 
0.1504E+00 
0.1503E+00 
0.1502E+00 
0.1501E+00 
0.1499E+00 
0.1498E+00 
0.1497E+00 
0.1496E+00 
0.1495E+00 
0.1495E+00 
0.1495E+00 
0.1494E+00 
0.1494E+00 
0.1494E+00 
0.1494E+00 
0.1494E+00 
0.1493E+00 
0.1493E+00 
0.1493E+00 
0.1493E+00 
0.1493E+00 
0.1492E+00 
0.1492E+00 
0.1492E+00 
0.1491 E+00 
0.1491E+00 
0.1491 E+00 
0.1490E+00 
0.1489E+00 
0.1489E+00 
0.1002E+00
99
TABLE. 4.16 MEAN FREE PATH (M .F.P) AND  M ACROSCOPIC  
CROSS SECTION(SIGT) OF NEUTRONS FOR YELLOW  BONE M ARROW
ENERG Y(eV)
0.1492E+08 
0.1350E+08 
0.1221E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06 
0.1357E+06 
0.1228E+06
S IG T (cm -l)
0.1416E+01 
0.1427E+01 
0.1491 E+01 
0.1299E+01 
0.1283E+01 
0.1238E+01 
0.1707E+01 
0.1110E+01 
0.1235E+01 
0.1290E+01 
0.1367E+01 
0.1508E+01 
0.2030E+01 
0.2395E+0I 
0.2836E+01 
0.2084E+01 
0.2022E+01 
0.1668E+01 
0.1508E+01 
0.1952E+01 
0.2114E+01 
0.2104 E+01 
0.2310E+01 
0.2496E+01 
0.3108E+01 
0.2852E+01 
0.3744E+01 
0.3876E+01 
0.3173E+01 
0.3200E+01 
0.3320E+01 
0.3465E+01 
0.3644E+01 
0.4003E+01 
0.5651 E+01 
0:6781 E+01 
0.4770E+01 
0.4440E+01 
0.4423E+01 
0.4477E+01 
0.4554E+01 
0.4638E+01 
0.4728E+01 
0.4818E+01 
0.4909E+01 
0.4997E+01 
0.5083E+01 
0.5169 E+01 
0.5253E+01
M .F.P(cm)
0.7062E+00 
0.7008E+00 
0.6707E+00 
0.7698E+00 
0.7794E+00 
0.8078E+00 
0.5858E+00 
0.9009E+00 
0.8097E+00 
0.7752E+00 
0.7315E+00 
0.6631 E+00 
0.4926E+00 
0.4175 E+00 
0.3526E+00 
0.4798E+00 
0.4946E+00 
0.5995E+00 
0.6631 E+00 
0.5123 E+00 
0.4730E+00 
0.4753E+00 
0.4329E+00 
0.4006E+00 
0.3218E+00 
0.3506E+00 
0.2671 E+00 
0.2580E+00 
0.3152E+00 
0.3125E+00 
0.3012E+00 
0.2886E+00 
0.2744E+00 
0.2498E+00 
0.1770E+00 
0.1475E+00 
0.2096E+00 
0.2252E+00 
0.2261 E+00 
0.2234E+00 
0.2196E+00 
0.2156E+00 
0.2115 E+00 
0.2076E+00 
0.2037E+00 
0.2001 E+00 
0.1967E+00 
0.1935E+00 
0.1904 E+00
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Table 4.16 (continued)
ENERG Y (eV )
0.1111E+06 
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171 E+05 
0.9119E+04 
0.7102E+04 
0.5531E+04 
0.4308E+04 
0.3355E+04 
0.2613E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145 E+02 
0.4 785 E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371 E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855 E+01 
0.1445E+01 
0.1125 E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4 140E+00
SIG T (cm -l)
0.5386E+01 
0.5564E+01 
0.5726E+01 
0.5869E+01 
0.5994E+01 
0.6098E+01 
0.6186E+01 
0.6259E+01 
0.6317E+01 
0.6366E+01 
0.6405E+01 
0.6436E+01 
0.6461 E+01 
0.6481 E+01 
0.6496E+01 
0.6509E+01 
0.6519E+01 
0.6527E+01 
0.6534E+01 
0.6539E+01 
0.6542E+01 
0.6545E+01 
0.6547E+01 
0.6550E+01 
0.6552E+01 
0.6555E+01 
0.6557E+01 
0.6560E+01 
0.6561 E+01 
0.6561 E+01 
0.6562E+01 
0.6562E+01 
0.6562E+01 
0.6563E+01 
0.6563E+01 
0.6563E+01 
0.6564E+01 
0.6564E+01 
0.6564E+01 
0.6565E+01 
0.6565E+01 
0.6566E+01 
0.6566E+01 
0.6567E+01 
0.6568E+01 
0.6569E+01 
0.6570E+01 
0.6571 E+01 
0.6572E+01 
0.6574E+01 
0.9448 E+01
M .F.P(cm)
0.1857E+00 
0.1797E+00 
0.1746E+00 
0.1704E+00 
0.1668E+00 
0.1640E+00 
0.1617E+00 
0.1598E+00 
0.1583E+00 
0.1571 E+00 
0.1561E+00 
0.1554E+00 
0.1548E+00 
0.1543E+00 
0.1539E+00 
0.1536E+00 
0.1534E+00 
0.1532E+00 
0.1530E+00 
0.1529E+00 
0.1529E+00 
0.1528E+00 
0.1527E+00 
0.1527E+00 
0.1526E+00 
0.1526E+00 
0.1525E+00 
0.1524E+00 
0.1524E+00 
0.1524E+00 
0.1524E+00 
0.1524E+00 
0.1524E+00 
0.1524E+00 
0.1524E+00 
0.1524E+00 
0.1523E+00 
0.1523E+00 
0.1523E+00 
0.1523E+00 
0.1523E+00 
0.1523E+00 
0.1523E+00 
0.1523 E+00 
0.1523E+00 
0.1522E+00 
0.1522E+00 
0.1522E+00 
0.1522E+00 
0.1521 E+00 
0.1058 E+00
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TABLE. 4.17 M EAN FREE PATH (M .F.P) A N D  M ACROSCOPIC  
CROSS SECTION(SIGT) OF NEUTRONS FOR AIR
EN ER G Y (eV )
0.1492E+08 
0.1350E+08 
0.1221E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06 
0.1357E+06
SIGT(cm
0.8579E-04 
0.8483E-04 
0.8019E-04 
0.7561 E-04 
0.6954E-04 
0.6808E-04 
0.7600E-04 
0.6994E-04 
0.6971 E-04 
0.7509E-04 
0.7586E-04 
0.7107E-04 
0.1049E-03 
0.1076E-03 
0.1068E-03 
0.9596E-04 
0.7628E-04 
0.7302E-04 
0.7143E-04 
0.8197E-04 
0.9491 E-04 
0.1112E-03 
0.1153E-03 
0.1251E-03 
0.1230E-03 
0.1157E-03 
0.1545E-03 
0.1168E-03 
0.1000E-03 
0.1108E-03 
0.1244E-03 
0.1183E-03 
0.1145E-03 
0.1392E-03 
0.2072E-03 
0.2818E-03 
0.1813E-03 
0.1708E-03 
0.1717E-03 
0.1755E-03 
0.1803E-03 
0.1851E-03 
0.1896E-03 
0.1945E-03 
0.1995E-03 
0.2045E-03 
0.2095E-03 
0.2148E-03
1) M .F.P(cm )
0.1166E+05 
0.1179E+05 
0.1247E+05 
0.1323E+05 
0.1438E+05 
0.1469E+05 
0.1316E+05 
0.1430E+05 
0.1435E+05 
0.1332E+05 
0.1318E+05 
0.1407E+05 
0.9533E+04 
0.9294E+04 
0.9363E+04 
0.1042E+05 
0.1311 E+05 
0.1369E+05 
0.1400E+05 
0.1220E+05 
0.1054E+05 
0.8993 E+04 
0.8673E+04 
0.7994E+04 
0.8130E+04 
0.8643E+04 
0.6472E+04 
0.8562E+04 
0.1000E+05 
0.9025E+04 
0.8039E+04 
0.8453E+04 
0.8734E+04 
0.7184 E+04 
0.4826E+04 
0.3549E+04 
0.5516E+04 
0.5855E+04 
0.5824E+04 
0.5698E+04 
0.5546E+04 
0.5402E+04 
0.5274E+04 
0.5141 E+04 
0.5013 E+04 
0.4890E+04 
0.4773 E+04 
0.4655E+04
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TA BLE 4.17 (CONTINUED)
SIG T (cm -l) M .F.P(cm)ENERG Y(eV )
0.1228E+06 
0.1111E+06 
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183 E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171 E+05 
0.9119E+04 
0.7102E+04 
0.5531E+04 
0.4308E+04 
0.3355E+04 
0.2613E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301 E+03 
0.1013E+03 
0.7890E+02 
0.6145E+02 
0.47 85E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371 E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855 E+01 
0.1445E+01 
0.1125 E+01 
0.8765 E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
0.220IE-03 
0.2302E-03 
0.2472E-03 
0.2654E-03 
0.284 IE-03 
0.3016E-03 
0.3172E-03 
0.3302E-03 
0.3430E-03 
0.3532E-03 
0.3609E-03 
0.3674E-03 
0.3737E-03 
0.3800E-03 
0.3865E-03 
0.393 IE-03 
0.3998E-03 
0.4066E-03 
0.4135E-03 
0.4206E-03 
0.4259E-03 
0.4303E-03 
0.4347E-03 
0.4392E-03 
0.4438E-03 
0.4484E-03 
0.4530E-03 
0.4578E-03 
0.4626E-03 
0.4655E-03 
0.4663E-03 
0.467 IE-03 
0.4679E-03 
0.4688E-03 
0.4697E-03 
0.4706E-03 
0.4715E-03 
0.4726E-03 
0.4734E-03 
0.474 IE-03 
0.4747E-03 
0.4754E-03 
0.4763E-03 
0.4772E-03 
0.4783E-03 
0.4795E-03 
0.4809E-03 
0.4824E-03 
0.484 IE-03 
0.486 IE-03 
0.4883E-03 
0.5133E-03
0.4543E+04 
0.4344E+04 
0.4045E+04 
0.3768E+04 
0.3520E+04 
0.3316E+04 
0.3153E+04 
0.3028E+04 
0.2915 E+04 
0.2831E+04 
0.2771 E+04 
0.2722E+04 
0.2676E+04 
0.2632E+04 
0.2587E+04 
0.2544E+04 
0.2501 E+04 
0.2459E+04 
0.2418 E+04 
0.2378E+04 
0.2348E+04 
0.2324E+04 
0.2300E+04 
0.2277E+04 
0.2253E+04 
0.2230E+04 
0.2208E+04 
0.2184E+04 
0.2162E+04 
0.2148E+04 
0.2145 E+04 
0.2141 E+04 
0.2137E+04 
0.2133E+04 
0.2129 E+04 
0.2125 E+04 
0.2121 E+04 
0.2116E+04 
0.2112E+04 
0.2109 E+04 
0.2107 E+04 
0.2103 E+04 
0.2100E+04 
0.2096E+04 
0.2091 E+04 
0.2086E+04 
0.2079E+04 
0.2073E+04 
0.2066E+04 
0.2057E+04 
0.2048E+04 
0.1948 E+04
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Fig 4.2 Macroscopic cross section of neutrons in 
bone, red bone marrow and yellow bone marrow
Fig 4.2a Mean free path of neutron in 
bone, red bone marrow and yellow Bone Marrow
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T a b l e  4 . 1 8  N e u t r o n  t r a n s m i s s i o n  r a t i o  a n d  i t s  f r a c t i o n a l  
s t a n d a r d  d e v i a t i o n  i n  b o n e  a n d  b o n e  m a r r o w  
a t  e a c h  d e t e c t o r  p o s i t i o n
DETECTOR TRANSMISSION
RATIO
FSD
TRANSMISS ION
1 4 . 6 6 8 5 E - 0 1 0 . 0 0 3 2 5
2 4 . 6 7 8 2 E - 0 1 0 . 0 0 3 2 4
3 4 . 7 0 7 0 E - 0 1 0 . 0 0 3 1 9
4 4 . 7 5 3 3 E —01 0 . 0 0 3 1 1
5 4 . 8 0 9 6 E - 0 1 0 . 0 0 2 9 9
6 4 . 8 1 3 8 E - 0 1 0 . 0 0 2 8 2
7 4 . 9 7 8 0 E - 0 1 0 . 0 0 2 6 2
8 5 . 3 2 1 5 E - 0 1 0 . 0 0 2 3 6
9 5 . 8 1 4 6 E - 0 1 0 . 0 0 2 0 1
10 6 . 5 9 3 8 E - 0 1 0 . 0 0 1 5 3
11 8 . 3 4 0 4 E - 0 1 0 . 0 0 0 6 5
12 9 . 9 4 1 5 E - 0 1 0 . 0 0 0 0 1
13 9 . 9 4 1 2 E - 0 1 0 . 0 0 0 0 1
14 9 . 9 4 0 4 E - 0 1 0 . 0 0 0 0 1
T a b l e  4 . 1 8 3  P o s i t i o n  o f  d e t e c t o r s  w i t h  r e s p e c t  t o  t h e  c e n t r e  
o f  t h e  o b j e c t ,  f o r  n e u t r o n  t r a n s m i s s i o n  c a l c u l a t i o n s
D e t e c t o r x (cm) y (cm) z (cm)
1 - 1 . 0 0 . 0 0 . 0 E + 1
2 - 1 . 0 0 . 1 0 . 0 E + 1
3 - 1 . 0 0 . 2 0 . 0 E + 1
4 - 1 . 0 0 . 3 0 .0 E + 1
5 - 1 . 0 0 . 4 0 . 0E+1
6 - 1 . 0 0 . 5 0 .0 E + 1
7 - 1 . 0 0 . 6 0 . 0E+1
8 - 1 . 0 0 . 7 0 . 0E+1
9 - 1 . 0 0 . 8 0 . 0 E + 1
10 - 1 . 0 0 . 9 0 . 0E+1
11 - 1 . 0 1 . 0 0 . 0 E + 1
12 - 1 . 0 1 . 1 0 . 0 E + 1
13 - 1 . 0 5 . 1 0 . 0E+1
14 - 1 . 0 10 .1 0 . 0E+1
ig 4.9 Diagramatic representation o f  the transmission o f  neutrons in 
bone and bone marrow at detector positions
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4.3.2 Study of an object made of soft tissu^bone and bone marrow
In the previous section the detectability o f  bone marrow in “bone” by the transmission o f  
fast neutrons was examined. In this section w e investigate the capability o f  fast neutrons to  
detect bone marrow in “bone and soft tissue”.
In part 4 .3 .2  w e simulate an object made o f  tissue, bone and bone marrow. The 
m acroscopic cross section, the mean free path and transmission o f  neutrons are calculated 
and discussed in part 4 .3 .2  . Investigation for detection o f  the trace elements in cancerous 
bone marrow is given in part 4 .3 .2  . Finally part 4.3.2. is to  investigate the value o f  bone 
minerals in bone
4.3.2.1 Simulation o f an object m ade o f  soft tissue, bone and bone marrow
The elemental abundance o f  soft tissue was calculated with the aid o f  its elemental 
com position as follows. The chemical com position o f  a typical tissue has been given as 
C 5H 40O 18N1 (B U D . 83). The proportion by weight o f  each element can hence be 
obtained as tabulated in table 4 .19. The elemental abundance o f  such tissue can be 
calculated from equation 3.4. The results are presented in table 4 .20  for tissue, bone and 
bone marrow. This can be used as input data for the MORSEZ program. The data o f  the 
red bone marrow are used for bone marrow as red and yellow  bone marrow have nearly 
the same properties for fast neutron cross sections. Specification o f  input zones and 
medium for each zone o f  tissue, bone and bone marrow are supplied in table 4 .22, while 
table 4.21 gives the location and the orientation o f  the body for each medium.
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Table 4 .19  The major elements com position o f  soft tissue
Element Proportion (by weight) Atom ic weight
H 0.100192 1.0079
C 0.149294 12.0100
N 0.034809 14.0067
0 0.715701 15.9994
Table 4 .20  Input data for the tissue, bone and bone marrow in air (VAL. 59)
Media Element Media
number
Element
number
Element abundance 
atom per 10“24cm3
Bone marrow H 1 +1 0.066686
It C 1 +2 0.021321
! » N 1 +3 0.001415
it O 1 +4 0.017214
tt S 1 -6 0.000107
B one H 2 +1 0.048311
ii C 2 +2 0.014005
n N 2 +3 0.003424
it O 2 +4 0.032550
ii P 2 +5 0.003725
ii S 2 +6 0.000103
ii Ca 2 -7 0.007447
Soft tissue H 3 +1 0.055101
II C 3 +2 0.006890
II N 3 +3 0.001377
It O 3 -4 0.024795
Air N 4 +3 0.000044
II O 4 -4 0.000010
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Table 4.21 The location and orientation o f  the bodies for tissue, bone, and bone marrow
Body No Body type Data defining particular body
1 RCC 0.0 0.0 -5.0 0.0 0.0 10.0
0.5
2 RCC 0.0 0.0 -5 .0 0 .0 0.0 10.0
1.0
3 RCC 0.0 0.0 -5.0 0.0 0.0 10.0
3.0
4 RPP -250.0 250.0 -250.0 250.0 -250.0 250.0
5 RPP -260 260 -260 260 -260 260
6 RPP -300.0 300.0 -300.0 300.0 -300.0 300.0
Table 4.22 Specification o f  the input zones and the medium in each zone 
for tissue, bone and bone marrow
Media Definition o f each zone by the body numbers
Tissue + 1
Bone marrow +2 -1
Bone +3 -2
Aii- +4 -3
Null +5 -4
OUT +6 -5
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4.3 .2b  T ransm ission  o f fast n eutrons in soft tissue, bone and  bone m arrow
The macroscopic cross sections and mean free paths o f neutrons in soft tissue, for all 
energy groups were calculated. The results are entered in table 4.23. They are also 
displayed as X versus energy in Fig 4 .10  and as mean free path versus energy in 
Fig 4.10a.
The macroscopic cross sections o f  neutrons in tissue, bone and bone marrow are also 
compared in Fig 4.10. The tissue exhibited the low est fast neutron macroscopic cross 
section values compared to bone and bone marrow. The reason is the low  abundance o f  
the elements with high fast neutron cross section in tissue in comparison with bone and 
bone marrow. This can also be seen in table 4 .20  where the elemental abundance o f H, C, 
N, and O are 5%, 0.6% , 0.1% and 2.4% in tissue 4.8% , 1.4%, 0.3% and 3.2% in bone 
6.7% , 2.1%, 0.1% and 1.7% in bone marrow, respectively. From the earlier discussion in 
this subsection bone marrow is detectable in bone and soft tissue by fast neutrons due to 
the low fast neutron macroscopic cross section o f  soft tissue. To clarify the definition o f  
this detectability we calculated the minimum detectable mass o f bone in tissue and bone 
marrow in bone by using equation 2.15. W e wrote a computer program to obtain results 
for all neutron energy groups. The results are presented in Fig 4.10b and 4.10c whereas 
for a typical value o f f  =0.01 fast neutrons o f  energies between 4 to 10 M eV can detect 
0.8 m g/g o f bone in tissue and neutrons o f  energy between 1 to 100 keV  can detect 12.2 
m g/g o f bone marrow in bone..
The transmission ratios o f  fast neutrons were calculated through the tissue, bone and bone 
marrow as a function o f neutron energy by means o f the M ORSEZ computer program. 
The results are produced in table 4.24. The values o f  the fractional standard deviations are 
also supplied in the table at each detector position. The detectors were considered to be at 
the back o f a 30 mm radius cylindrical shaped tissue with 10 mm radius bone and a 5 mm 
radius o f  bone marrow placed at its centre. The positions o f  the detectors are displayed in
table 4.24a. From a similar calculation shown in Fig 4.1 the raysum tangent to the exterior 
o f  the bone will be detected between detectors 11 and 12 and the border o f  the bone and 
tissue will be detected between detectors 6 and 7 as shown in F iS 4 .ll .  The difference 
between the values for the transmission ratios at detectors 11 and 12, ie. 0.21 and 0 .24  in 
Fig 4 .1 , is due to the remarkable difference between the macroscopic cross sections of 
bone and tissue.
The result o f  the transmission ratio in table 4 .24  clearly distinguishes bone from bone 
marrow and tissue. The contrast for detection o f  bone in tissue obtained from equation 
(4.1) and is 14.6 for bone in tissue and 3.5 for bone marrow in bone. These are remarkable 
contrasts for distinctions o f these media. The finding for the transmission o f  neutrons in 
tissue, bone and bone marrow has been used to reconstruct the tomographic image o f  
bone marrow in bone and tissue which w ill be discussed in the next chapter.
4.3.2.C D etection  o f trace elem ents in a cancerous bone m arrow
The determination o f trace elements zinc, copper and nickel in the bone marrow of 
patients suffering from leukemia is important. The concentration o f  Zn, Cu, and Ni 
elements in bone marrow o f  a patient with leukemia are 428 .0 , nmol/g, 69.3 nmol/g and 
12.6 nmol/g respectively. The corresponding values for normal bone marrow are 215 
nmol/g, 37.8 nmol/g and 7.0nm ol/g respectively (SCH. 93). Considering the density of
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bone marrow to be 1.028 g/cm > the number o f  Zn atoms in 1 cm-3 o f  bone marrow o f a 
patient with leukemia will be 0 .2 5x 1 0^  atom /cm 3 , that o f  Cu atoms will be 0 .042  x  1 0 ^  
atom /cm 3 while that o f  Ni atoms will be 0 .0 0 7 8 x  1 0 ^  atom /cm 3 . The elemental 
abundance o f  the com position o f  bone marrow, are 6 . 7 x l ()22  , 2 .1 x 1 0 ^  ,  0. 14 x l ()22  and 
1.7 x 10^2 atom /cm 3 for H,C,N and O respectively (see table 3 .27). They are in the order 
o f  104 more abundant than the trace elements o f  bone marrow with leukemia. Since Zn, 
Cu and Ni have also lower microscopic cross sections (shown in appendix 3) than 
elemental com position o f  bone marrow (H, C, N and O) shown in Fig 4.3 to 4.6, the
macroscopic cross section o f  these elements (Z=G,Ni) are in the order o f  IO"4 less than the 
macroscopic cross section o f the bone marrow. From equation 2.15 in chapter 2 the 
minimum detectable mass o f  these elements are -f since in this case ( E /p ) trace elements «  
(Z/p)bone marrow • For f=0.01 a reasonable estimate o f  detectability, the minimum detectable 
masses o f  these trace elements in bone marrow is 0.01 g/g (ie.lO m g/g) which is much 
higher than their concentration in the bone marrow o f  a patient with leukemia. Therefore 
we did not calculate the transmission o f  fast neutrons in bone marrow with these trace 
elements. H ow ever we will continue this investigation for brain tumor where the 
concentrations o f trace elements are usually higher and may be easier to detect by this 
technique.
4.3.2.d  D eterm ination  o f  bone m ineral con tent
As already mentioned in section 4.2.1 the principal mineral com ponents o f  bone are 
hydroxyapatite and amorphous calcium phosphate C a(0H )2[C a3(P 04)2 ]3  and smaller 
quantities o f  other elements (M AT. 79) and (MIL. 80). The lack o f  perfection in bone 
structures is due to presence o f carbonate, Na and other ions as well as deficiencies in Ca 
and OH which combine to make the bone mineral content metabolically active (BUD  .88). 
It is therefore o f  great interest to measure the com position o f  the bone and determine the 
Ca/P ratio as this may be important with respect to the structure and the metabolic activity 
o f  the bone. This motivates our calculation o f  the minimum detectable masses o f Ca and P 
in bone by the fast neutron transmission technique. From equation 2.15, if (Z/p)tmpUrity< 
( Z /P ) inalriX then the absolute value o f  the minimum detectable mass is IPn+il> f. Therefore 
iPn+)l is minimum when the mass attenuation coefficient o f  the impurity (£/p)imPuray is 
minimum. For f=0.01 the minimum detectable mass o f  Ca and P are minimum and about 
10 mg/g since their mass attenuation coefficients are negligible compared with the values 
o f the bone for optimum neutron energies. The optimum neutron energies for the 
detection o f  Ca are 0.12, 0 .16, 0.18, 0 .82 and 1.18 MeV as shown in Fig 4.8. The mass 
attenuation coefficient o f  Ca for the optimum neutron energies is less than 0 .002 g'lcm2
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which is much smaller than the value o f  the bone as it is more than 1.81 g^cm2. For P the 
optimum neutron energy is 0 .14 MeV (see Fig 4.7) where (Z /P )p is 0 .02 and (X/P)bonC is 
3.18. The trace elements in bone which are detectable by this technique are F with a 
concentration ranging from 0.06%  to 2.8% in bone, and Na with concentration between  
0.56%  to 1.4% (IYE. 78). The concentration o f  the other trace elements in bone are less 
than lOmg/g and hence these traces are not detectable by fast neutron transmission 
method (B U D . 83).
4.3.3 Study of brain in skull
The treatment o f  the brain tumor by boron neutron capture therapy is a relatively new type 
o f brain cancer therapy(BAR. 90), (BRU, 90) and BAR. 92). The ^ B  nucleus upon 
capture o f  the thermal neutron disintegrates and creates extremely localized radiation as 
follows
10B + nth~> U IB1 - > 4 He + 7Li + 2 .792  M eV 6.3% (4.1)
10B + nth _> 11[B| —>4 He + 7 Li +0.478 M eV y-ray +2.310 M eV 93.7%  (4.2) 
The energetic heavy particles produced generate enough damage in nearby tumor cells and 
spares the normal tissue com ponents. The success o f  the technique depends on the 
tumor location, boron concentration (in the tumor and the brain tissue) and neutron 
fluence and energy. Nowadays interest focuses on the use o f  an epithermal neutron beam  
which can penetrate to the position o f  the tumor.
The aim here is to explore the ability o f  fast neutrons to penetrate in brain and skull. Then 
in the following subsections the potential o f  fast neutrons to detect a tumor in the brain 
and boron in the brain or tumor will be explored. Finally use o f  the M ORSE code to  
determine specific neutron energy which will be thermalized at tumor position for the 
purpose o f  neutron therapy o f  tumor cells will be discussed.
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TABLE. 4.23 M EAN FREE PATH (M .F.P) A N D  M ACROSCOPIC  
CROSS SECTION(SIGT) OF NEUTRO NS FOR SOFT TISSUE
S lG T (cm -l) M .F.P(cm )ENER G Y (eV )
0.1492E+08 
0.1350E+08 
0.1221E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237 E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06 
0.1357E+06 
0.1228E+06 
0.1 111 E+06
0.8982E-01
0.9190E-01
0.9859E-01
0.937 IE-01
0.9520E-01
0.1001E+00
0.1088E+00
0.1075E+00
0.1094E+00
0.1247E+00
0.1315E+00
0.1385E+00
0.1634E+00
0.1896E+00
0.2129 E+00
0.1919E+00
0.1757E+00
0.1781 E+00
0.1747E+00
0.2046E+00
0.2327E+00
0.2350E+00
0.2545E+00
0.2727E+00
0.3249E+00
0.3083E+00
0.3838E+00
0.3986E+00
0.3479E+00
0.3566E+00
0.3731 E+00
0.3920E+00
0.4150E+00
0.4536E+00
0.5962E+00
0.6987E+00
0.5492E+00
0:5361 E+00
0.5488E+00
0.5680E+00
0.5896E+00
0.6126E+00
0.6366E+00
0.6615E+00
0.6871 E+00
0.7128E+00
0.7385E+00
0.7641 E+00
0.7895E+00
0.8335E+00
0.1113E+02
0.1088E+02
0.1014E+02
0.1067E+02
0.1050E+02
0.9990E+01
0.9191E+01
0.9302E+01
0.9141 E+01
0.8019E+01
0.7605E+01
0.7220E+01
0.6120E+01
0.5274E+01
0.4697E+01
0.5211 E+01
0.5692E+01
0.5615E+01
0.5724E+01
0.4888E+01
0.4297E+01
0.4255E+01
0.3929E+01
0.3667E+01
0.3078E+01
0.3244E+01
0.2606E+01
0.2509E+01
0.2874E+01
0.2804E+01
0.2680E+01
0.2551 E+01
0.2410E+01
0.2205E+01
0.1677E+01
0.1431E+01
0.1821 E+01
0.1865E+01
0.1822E+01
0.1761E+01
0.1696E+01
0.1632E+01
0.1571 E+01
0.1512E+01
0.1455E+01
0.1403E+01
0.1354E+01
0.1309E+01
0.1267 E+01
0.1200E+01
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TABLE 4.23 (CONTINUED)
EN ERG Y(eV ) S IG T (cm -l) M .F.P(cm)
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171E+05 
0.9119E+04 
0.7102E+04 
0.5531E+04 
0.4308E+04 
0.3355E+04 
0.2613 E+04 
0.203 5 E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855E+01 
0.1445E+01 
0.1125E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
0.8938E+00 
0.9505E+00 
0.1002E+01 
0.1048E+01 
0.1087E+01 
0.1121 E+01 
0.1149 E+01 
0.1172E+01 
0.1191E+01 
0.1206E+01 
0.1218E+01 
0.1228E+01 
0.1236E+01 
0.1242E+01 
0.1247E+01 
0.1251 E+01 
0.1254E+01 
0.1257E+01 
0.1258E+01 
0.1259E+01 
0.1260E+01 
0.1261 E+01 
0.1262E+01 
0.1263E+01 
0.1264E+01 
0.1265E+01 
0.1266E+01 
0.1266E+01 
0.1266E+01 
0.1266E+01 
0.1266E+01 
0.1266E+01 
0.1267E+01 
0.1267E+01 
0.1267E+01 
0.1267E+01 
0.1267E+01 
0.1267E+01 
0.1267E+01 
0.1268E+01 
0.1268E+01 
0.1268E+01 
0.1268E+01 
0.1269E+01 
0.1269E+01 
0.1269E+01 
0.1270E+01 
0.1270E+01 
0.1271 E+01 
0.2630E+01
0.1119E+01
0.1052E+01
0.9980E+00
0.9542E+00
0.9200E+00
0.8921E+00
0.8703E+00
0.8532E+00 ,
0.8396E+00
0.8292E+00
0.8210E+00
0.8143E+00
0.8091 E+00
0.8052E+00
0.8019E+00
0.7994E+00
0.7974E+00
0.7955E+00
0.7949E+00
0.7943E+00
0.7937E+00
0.7930E+00
0.7924E+00
0.7918E+00
0.7911 E+00
0.7905E+00
0.7899E+00
0.7899E+00
0.7899E+00
0.7899E+00
0.7899E+00
0.7899E+00
0.7893E+00
0.7893E+00
0.7893E+00
0.7893E+00
0.7893E+00
0.7893E+00
0.7893E+00
0.7886E+00
0.7886E+00
0.7886E+00
0.7886E+00
0.7880E+00
0.7880E+00
0.7880E+00
0.7874E+00
0.7874E+00
0.7868E+00
0.3802E+00
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Fig 4.10 Comparison of macroscopic cross sections of neutrons in 
tissue, bone and bone marrow
Fig 4.10a Comparison of mean free path of neutrons 
in tissue, bone and bone marrow
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Fig 4.10b Minimum detectable mass of bone marrow in bone
Fig 4.10c Minimum detectable mass of bone in tissue
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T a b l e  4 . 2 4  N e u t r o n  t r a n s m i s s i o n  r a t i o  a n d  i t s  f r a c t i o n a l  
s t a n d a r d  d e v i a t i o n  a t  e a c h  d e t e c t o r  p o s i t i o n  
i n  s o f t  t i s s u e ,  b o n e  a n d  b o n e  m a r r o w
DETECTOR TRANSMISSION FSD
RATIO TRANSMISSOION
1 1 .  8 4 2 0 E - 0 1 0 . 0 0 1 5 6
2 1 . 8 4 2 3 E —01 0 . 0 0 1 5 6
3 1 . 8 4 2 9 E —01 0 . 0 0 1 5 6
4 1 . 8 4 2 7 E —01 0 . 0 0 1 5 5
5 1 . 8 3 8 4 E - 0 1 0 . 0 0 1 5 5
6 1 . 8 1 5 3 E - 0 1 0 . 0 0 1 5 4
7 1 . 8 0 0 2 E - 0 1 0 . 0 0 1 5 2
8 1 . 8 5 2 9 E - 0 1 0 . 0 0 1 5 2
9 1 . 9 2 1 3 E - 0 1 0 . 0 0 1 5 0
10 2 . 0 1 3 5 E - 0 1 0 . 0 0 1 4 9
11 2 . 1 5 4 2 E - 0 1 0 . 0 0 1 4 8
12 2 . 3 9 7 9 E - 0 1 0 . 0 0 1 4 6
13 2 . 4 3 6 4 E - 0 1 0 . 0 0 1 4 4
14 2 . 4 7 9 6 E - 0 1 0 . 0 0 1 4 3
15 2 . 5 2 8 Q E - 0 1 0 . 0 0 1 4 1
16 2 . 5 8 2 3 E - 0 1 0 . 0 0 1 4 0
17 2 . 6 4 2 9 E - 0 1 0 . 0 0 1 3 8
18 2 . 7 1 0 8 E - 0 1 0 . 0 0 1 3 6
19 2 . 7 8 6 8 E - 0 1 0 . 0 0 1 3 3
20 2 . 8 7 2 1 E - 0 1 0 . 0 0 1 3 1
4 . 2 4 a  P o s i t i o n  o f  d e t e c t o r s f o r  n e u t r o n  t r a n s m i s s
c a l c u l a t i o n s  w i t h r e s p e c t  t o t h e  c e n t r e  o f
t h e  o b j e c t  a t t h e p o i n t  o f o r i g i n
DETECTOR x (cm) y (cm) z (cm)
1 - 3 . 0 0 . 0 0 . 0E+1
2 - 3 . 0 0 . 1 0 . 0E+1
3 - 3 . 0 0 . 2 0 . 0E+1
4 - 3 . 0 0 . 3 0 . 0 E + 1
5 - 3 . 0 0 . 4 0 .0 E + 1
6 - 3 . 0 0 . 5 0 . 0 E + 1
7 - 3 . 0 0 . 6 0 .0 E  + 1
8 - 3 . 0 0 . 7 0 . 0E+1
9 - 3 . 0 0 . 8 0 . 0E+1
10 - 3 . 0 0 . 9 0 . 0E+1
11 - 3 . 0 1 . 0 0 . 0E+1
12 - 3 . 0 1 . 1 0 . OE-f 1
13 - 3 . 0 1 . 2 0 . 0E+1
14 - 3 . 0 1 . 3 0 . 0E+1
15 - 3  . 0 1 . 4 0 . 0E+1
16 - 3 . 0 1 . 5 0 . 0E + 1
17 - 3 . 0 1 . 6 0 . 0E+1
18 - 3 . 0 1 . 7 0 . 0E+1
19 - 3 . 0 1 . 8 0 . 0E+1
20 - 3 . 0 1 . 9 0 . 0E-U
123
Neutron beam
20 0.28T—
19 0.279
18 0.271
17 0.264
16 0.258
15 0.253
14 0.248
13 0.244
12 0.240___
11 0.215
10 0.201
9 0.192
8 0.185 i
7 0.18H /
6 0.181 /
5 0.184 /
4 0.184/
3 0.1841
2 0.184
o .ia i----
Neutron transmission ratio 
at the detectors position with the 
.number for each detector
Fig 4.11 Diagrammatic the representation o f the transmission o f  neutrons in 
soft tissue, bone and bone marrow
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4.3.3.1 Simulation of an object made of skull and brain
To study the penetration (transmission) o f  fast neutrons in skull and brain tissue the 
number o f  atoms o f  each element per unit volum e o f  these media needs to be defined. The 
major elemental com positions o f  brain, skull and blood o f  an adult male are produced in 
the three first columns o f  tables 3.29 to  3.3. Other data required for brain and skull 
calculations for an adult male are as follow s (ICR. 1992).
• M ass o f  brain tissue (gray and white matter) 1355 grams,
• D ensity o f  brain 1.03 gem"3 ,
• M ass o f  blood in the brain 503.8 grams,
• Density o f  blood 1.06 gem -3 ,
• The average dimensions o f  the brain , vertical diameter o f  13 cm, transverse diameter 
o f  14 cm and anterioposterio diameter 16.5 cm,
• Average weight o f  skull 5500 grams
• Volum e o f  the skull 5200 cm3,
• Density o f  the skull 1.61 gem"3,
• Average thickness o f  the skull 0.6 cm.
The elemental abundance o f  the brain and the blood w as calculated by equation 3 .4  with  
the aid o f  their elemental compositions. The results are given in tables 4.25 and 4.27.
To calculate the transmission o f  neutrons in the skull and the brain w e  assumed a spherical
object made o f  skull with radius 8.1 cm and thickness o f  0.6 cm containing a mixture o f
blood and brain tissue with radius o f  7.5 cm. The object w as located at 200 cm distance 
from a uranium fission neutron source as shown in Fig 4.1 The location and the 
orientation o f  the bodies o f  the brain and the skull are given in table 4.28. The elemental 
abundance o f  the major elements for a mixture o f  brain and blood can be obtained from 
this data as follows. Since the fractions by weight o f  the brain and blood are 0 .729  and 
0.271 respectively, the elemental abundance for each o f  the major elements in the brain 
and blood mixture can be calculated using.
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Nj -  0 .729 N i brain+ 0.271 Nj blood (4 .3) 
where Nj stands for the abundance o f  the ith element in the mixture o f  brain and blood  
(the number o f  that element per unit volum e o f  the mixture o f  brain and blood), Nj brain 
represents the abundance o f  the ith element in the brain and Nj blood ls the abundance o f  
the ith element in the blood. The results are shown in the table 4.29 in medium 1 for 
brain and blood. The table also specifies the other media that neutrons are transmitted
through. Therefore the required data to specify materials for the calculation o f  the 
macroscopic cross sections and that o f  the transmission o f  neutrons in brain are introduced 
in this table. The specifications o f  the input zone and the medium for each zone are given  
in table 4 .30..
4.3.3.2 Transmission of neutrons through skull and mixture of brain and blood
M acroscopic cross sections and transmission o f  neutrons in skull and mixture o f  brain and 
blood w ere calculated by using the M ORSEZ program and data in tables 3.28 to 3.30. 
Then the mean free path o f  neutrons in each medium w as obtained as a function o f  energy 
groups. The results follow
Tables 4.31 and 4 .32 list the m acroscopic cross section and the mean free path o f  neutrons 
for 100 groups o f  energies for the skull and the brain. The values o f  these tables are 
displayed as E versus energy, in Fig 4 .12  and as mean free path versus energy in Fig 4 .12a.
Unlike the soft tissue which exhibits a low er m acroscopic cross section than bone, the 
value o f  the macroscopic cross section for brain tissue is more than that for the skull and 
the difference is much higher at low er energies. This is due to  the concentrations o f  
oxygen, nitrogen and hydrogen in the brain which are higher than in soft tissue and skull. 
For the brain the elemental abundance o f  O, N , and H  are 0.028932, 0 .005962 and 0 .0665  
atom per 10‘24cm3 respectively (see table 4 .29). For the soft tissue they are 0 .0024795, 
0.001377 and 0.055101 atom per 10'24cm3 respectively (see table 4.20). For the skull they
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are 0 .026373, 0 .002770 and 0 .048120  atom per 10‘24cm3 respectively (see table 4 .29). 
The sharp difference between the macroscopic cross sections o f  skull and brain for 
energies less than 0.45 M eV is due to the higher concentration o f  H and N  elements in the 
brain than in the skull. There is nearly 2 times more nitrogen and 1.4 times more hydrogen 
in the brain than in the skull. This can be seen in the microscopic cross sections o f  nitrogen 
and hydrogen (see Fig 4.5 and Fig 4 .3  respectively). The abundance o f  carbon in skull is 
nearly three times larger than in the brain tissue. H ow ever the value o f  its microscopic 
cross section for neutron energies less than 0 .45  M eV is not big enough to com pensate 
for the lack o f  H and N in the skull compared with the brain. Therefore skull exhibits a 
lower macroscopic cross section than brain tissue.
The peaks for the macroscopic cross sections o f  brain and skull for energies 0 .45M eV , 1 
M eV and 2.5 MeV are due to oxygen. It can be seen that the peak for brain is higher than 
the one for the skull which is the result o f  a slightly larger concentration o f  oxygen in the 
brain than in the skull.
There are very small peaks for the macroscopic cross sections o f  skull at energies between  
0.1 MeV and 0 .4  MeV. This reflects the concentration o f Ca in the skull as shown by 
considering the microscopic cross section o f  calcium in Fig 4 .8 . A  comparison o f  the Ca 
peaks in the macroscopic cross section o f  the bone in (Fig 4 .10) and the skull (in Fig 4.12) 
show that the concentration o f  Ca in the fresh bone without marrow is larger than in the 
skull. Tables 4.29 and 4 .20 give the value o f  Ca concentration'as 0 .004259  gem '3 in skull 
and 0 .007447 gem '3 in bone. These concentrations are nearly tw ice than those in the 
skull.
The difference between the macroscopic cross sections o f  brain and skull for fast neutrons
from the uranium fission source and the penetration properties o f  these fast neutrons in
skull ensure the feasibility o f possible abnormalities within it.
* measuring
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The transmission ratio o f  fast neutrons in the skull and brain tissue as a function o f  neutron 
energies were calculated using the M ORSEZ computer program. The output o f  
uncollided responses at the position o f  each detector is represented in table 4.33. The table 
also supplies the fractional standard deviation at each point. The detectors were 
considered to be at the back o f  the spherical shape skull with the radius o f  81 mm which  
was assumed to  be at the point o f  origin and in the xy plane parallel to the y  axis. The 
positions o f  the detectors are available in table 4.33a. The detection point o f  the outside o f  
the brain w as obtained by the same procedure as in Fig 4.1. The point source o f  U 235 was 
set at 200 cm distance from the centre o f  the brain. Therefore the raysum tangent to  the 
outside o f  the brain is detected between detectors number 78 and 79. From the results in 
table 4.33 the difference between the ratio o f  transmitted neutrons at the 5 nearest 
detectors to this layer, in the brain matrix, are 0.11, 0.12, 0 .14, 0.15 and 0 .17  whereas in 
the skull matrix they are 0.21, 0 .24, 0 .27, 0.31 and 0.37. The sm ooth change in both  
media is due to  the reduction o f  the thickness o f  the object, while the step change between  
the ratio o f  the transmitted neutrons in the tw o  groups clarifies the existence o f  the tw o  
different media with different properties for transmitted neutrons. Therefore transmission 
o f  fast neutrons distinguishes skull from brain with a contrast o f  14.6. The contrast 
obtained with the same procedure that was explained in part 4 .3.1b  . These findings were 
used to produce a reconstructed image o f  one cross section o f  the brain and skull. This 
will be described in chapter 6.
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Table 4.25 The major elemental com position o f  the brain
Element W eight fraction Atom ic weight Elemental abundance 
atom/10'24cm3
H 0.068135 1.00790 0.068135
C 0.006480 12.01000 0 .006480
N 0.008236 14.00670 0.008236
0 0.028615 15.99940 0.028615
Na 0.000050 22.98980 0 .000050
Mg 0 .000010 24.31200 0 .000010
Cl 0 .000040 35.45300 0 .000040
P 0.000070 30.97376 0.000070
S 0 .000030 32.00000 0.000030
K 0.000050 39.09000 0 .000050  |
Ca 0.000001 40.08000 0.000001
Fe 0.000001 55.84700 0.000001
Table 4 .26  The major elemental com position o f  the skull
Element weight fraction Atom ic weight (g)
H 0.050 1.00790
C 0.212 12.01000
N 0.040 14.00670
O 0.435 15.99940
P 0.081 30.97376 !
Ca 0.176 40.08000
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Table 4.27 The major elemental com position o f blood
Element Proportion 
(percentage by weight)
Atom ic weight(g) Elemental abundance 
(atom per 10'24cm3)
H 0.100000 1.00790 0 .063364
C 0 .098000 12.01000 0.005172
N 0.029100 14.00670 0.001323
O 0.745500 15.9994 0 .029672
Na 0 .000180 22.98980 0 .000054
Mg 0.000004 24.31200 0 .000000
Si 0.000003 28.09000 0.000000
Cl 0 .000270 35.45300 0.000050
P 0.000030 30.97376 0.000038
S 0.000180 32.00000 0.000030
K 0.000009 39.09000 0.000030
Ca 0.000006 40.08000 0 .000030
Fe 0.000045 55.84700 0.000006
Table 4.28 The location and orientation o f  the bodies for skull and brain
N o Body Data defining particular body
1 SPH 0.0 0.0 0.0 7.5
2 SPH 0.0 0.0 0 .0 8.1
3 RPP -250.0 250.0 -250 .0 250.0 -250.0 250.0
4 RPP -300.0 300.0 -300.0 300.0 -300 .0 300.0
5 RPP -1300.0 1300.0 -1300 .0 1300.0 -1300.0 1300.0
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Table 4.29 Input data for cross section m odule for 
the skull and mixture o f  the brain and blood
Media Element Media No. Element No Element abundance 
atom /10'24cm 3 J
Brain & blood H 1 +1 0 .066500
it C 1 +2 0.006367
it N 1 +3 0 .005962
it 0 1 +4 0 .028932  !
tt s 1 - 6 0 .000003
Skull H 2 +1 0 .048120
it C 2 +2 0.017123
it N 2 +3 0.002770
- O 2 +4 0.026373
il P 2 +5 0 .002537
tt s 2 + 6 0 .000103
ti Ca 2 -7 0 .004259  !
Air N 3 +3 0 .000044
m 0 3 -4 0 .000010
table 4 .30  Specification o f  the input zones and medium o f  each zone for 
the skull and mixture o f  the brain and blood
Media Data defining particular body
brain & blood +1
Skull +2 -1
AIR +3 -2
Null +4 -3
Out +5 -4 I
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TABLE. 4.31 M EAN FREE PATH (M .F.P) A N D  M ACROSCOPIC  
CROSS SECTION(SIGT) OF NEUTRONS FOR SKULL  
ENERG Y (eV ) SIG T (cm -l) M .F.P(cm)
0.1492E+08 
0.1350E+08 
0.1221E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108 E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832E+06 
0.165 7 E+06 
0.1500E+06 
0.1357 E+06 
0.1228E+06 
0.11! I E+06 
0.8652E+05
0.1172E+00 
0.1197E+00 
0.1269E+00 
0.1200E+00 
0.1215E+00 
0.1252E+00 
0.1420E+00 
0.1307E+00 
0.1352E+00 
0.1495E+00 
0.1576E+00 
0.1667E+00 
0.1992E+00 
0.2278E+00 
0.2545E+00 
0.2225E+00 
0.2094E+00 
0.2030E+00 
0.1954E+00 
0.2296E+00 
0.2562E+00 
0.2584E+00 
0.2771 E+00 
0.2931 E+00 
0.3496E+00 
0.3322E+00 
0.4092E+00 
0.4259E+00 
0.3677E+00 
0.3730E+00 
0.3888E+00 
0.4126E+00 
0.4347E+00 
0.4684E+00 
0.6197E+00 
0.7299E+00 
0.5652E+00 
0.5561 E+00 
0.5574E+00 
0.5766E+00 
0.6109E+00 
0.6188E+00 
0.6444E+00 
0.6555 E+00 
0.6948E+00 
0.7096E+00 
0.7472E+00 
0.7518E+00 
0.7725E+00 
0.8173 E+00 
0.8710E+00
0.8532E+01 
0.8354E+01 
0.7880E+01 
0.8333E+01 
0.8230E+01 
0.7987E+01 
0.7042E+01 
0.7651E+01 
0.7396E+01 
0.6689E+01 
0.6345E+01 
0.5999E+01 
0.5020E+01 
0.4390E+01 
0.3929E+01 
0.4494E+01 
0.4776E+01 
0.4926E+01 
0.5118E+01 
0.4355E+01 
0.3903E+01 
0.3870E+01 
0.3609E+01 
0.3412E+01 
0.2860E+01 
0.3010E+01 
0.2444E+01 
0.2348E+01 
0.2720E+01 
0.2681 E+01 
0.2572E+01 
0.2424E+01 
0.2300E+01 
0.2135E+01 
0.1614E+01 
0.1370E+01 
0.1769E+01 
0.1798E+01 
0.1794E+01 
0.1734E+01 
0.1637E+01 
0.1616E+01 
0.1552E+01 
0.1526E+01 
0.1439E+01 
0.1409E+01 
0.1338E+01 
0.1330E+01 
0.1294E+01 
0.1224E+01 
0.1148E+01
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TA BLE 4.31 (CONTINUED)
EN ERG Y (eV ) SIG T (cm -l) M.F.P(cm)
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171E+05 
0.9119E+04 
0.7102E+04 
0.5531 E+04 
0.4308E+04 
0.3355E+04 
0.2613 E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855 E+01 
0.1445E+01 
0.1125 E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
0.9228E+00 
0.9704E+00 
0.1012E+01 
0.1046E+01 
0.1078E+01 
0.1103E+01 
0.1126E+01 
0.1144E+01 
0.1158E+01 
0.1167E+01 
0.1176E+01 
0.1183E+01 
0.1189E+01 
0.1194E+01 
0.1197E+01 
0.1200E+01 
0.1203E+01 
0.1205E+01 
0.1206E+01 
0.1207E+01 
0.1207E+01 
0.1208E+01 
0.1209E+01 
0.1210E+01 
0.1211E+01 
0.1212E+01 
0.1213E+01 
0.1213E+01 
0.1213E+01 
0.1213E+01 
0.1213E+01 
0.1213E+01 
0.1214E+01 
0.1214E+01 
0.1214E+01 
0.1214E+01 
0.1214E+01 
0.1215E+01 
0.1215E+01 
0.1215E+01 
0.1216E+01 
0.1216E+01 
0.1217E+01 
0.1217E+01 
0.1218E+01 
0.1218E+01 
0.1219E+01 
0.1220E+01 
0.2409E+01
0.1084E+01 
0.1031E+01 
0.9881 E+00 
0.9560E+00 
0.9276E+00 
0.9066E+00 
0.8881 E+00 
0.8741 E+00 
0.8636E+00 
0.8569E+00 
0.8503E+00 
0.8453E+00 
0.8410E+00 
0.8375E+00 
0.8354E+00 
0.8333E+00 
0.8313 E+00 
0.8299E+00 
0.8292E+00 
0.8285E+00 
0.8285E+00 
0.8278E+00 
0.8271 E+00 
0.8264E+00 
0.8258E+00 
0.8251 E+00 
0.8244E+00 
0.8244E+00 
0.8244E+00 
0.8244E+00 
0.8244E+00 
0.8244E+00 
0.8237E+00 
0.8237E+00 
0.8237E+00 
0.8237E+00 
0.8237E+00 
0.8230E+00 
0.8230E+00 
0.8230E+00 
0.8224E+00 
0.8224E+00 
0.8217E+00 
0.8217E+00 
0.8210E+00 
0.8210E+00 
0.8203 E+00 
0.8197E+00 
0.4151 E+00
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TABLE. 4.32 M EAN FREE PATH (M .F.P) A N D  M ACROSCOPIC CROSS  
SECTION (SIGT) OF NEUTRONS FOR THE M IXTURE OF B R A IN  A N D
BLOOD
E NER G Y (eV ) S IG T (cm -l) M .F.P(cm )
0.1492E+08 
0.1350E+08 
0.1221E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06 
0.1357 E+06
0.1111 E+00 
0.1136E+00 
0.1209E+00 
0.1156E+00 
0.1170E+00 
0.1228E+00 
0.1328E+00 
0.1326E+00 
0.1348E+00 
0.1531 E+00 
0.1613E+00 
0.1689E+00 
0.2001 E+00 
0.2302E+00 
0.2562E+00 
0.2332E+00 
0.2132E+00 
0.2170E+00 
0.2138E+00 
0.2488E+00 
0.2826E+00 
0.2876E+00 
0.3105E+00 
0.3327E+00 
0.3917E+00 
0.3732E+00 
0.4627E+00 
0.4764E+00 
0.4186E+00 
0.4306E+00 
0.4516E+00 
0.4733E+00 
0.5000E+00 
0.5470E+00 
0.7154E+00 
0.8395E+00 
0.6631 E+00 
0.6489E+00 
0.6650E+00 
0.6887E+00 
0.7153E+00 
0.7434E+00 
0.7727E+00 
0.8032E+00 
0.8344E+00 
0.8659E+00 
0.8974E+00 
0.9287 E+00
0.9001 E+01 
0.8803E+01 
0.8271 E+01 
0.8651 E+01 
0.8547E+01 
0.8143E+01 
0.7530E+01 
0.7541 E+01 
0.7418E+01 
0.6532E+01 
0.6200E+01 
0.5921 E+01 
0.4998E+01 
0.4344E+01 
0.3903E+01 
0.4288E+01 
0.4690E+01 
0.4608E+01 
0.4677E+01 
0.4019E+01 
0.3539E+01 
0.3477E+01 
0.3221 E+01 
0.3006E+01 
0.2553E+01 
0.2680E+01 
0.2161E+01 
0.2099E+01 
0.2389E+01 
0.2322E+01 
0.2214E+01 
0.2113E+01 
0.2000E+01 
0.1828E+01 
0.1398E+01 
0.1191E+01 
0.1508E+01 
0.1541 E+01 
0.1504E+01 
0.1452E+01 
0.1398E+01 
0.1345E+01 
0.1294E+01 
0.1245E+01 
0.1198E+01 
0.1155 E+01 
0.1114E+01 
0.1077E+0
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TABLE 4.32 (CONTINUED)
ENER G Y (eV )
0.1228E+06 
0.1111 E+06 
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183 E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171 E+05 
0.9119E+04 
0.7102E+04 
0.5531 E+04 
0.4308E+04 
0.3355E+04 
0.2613 E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855E+01 
0.1445 E+01 
0.1125 E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
S IG T (cm -l)
0.9600E+00 
0.1014E+01 
0.1088E+01 
0.1158E+01 
0.1222E+01 
0.1279E+01 
0.1328E+01 
0.1370E+01 
0.1405E+01 
0.1433E+01 
0.1457E+01 
0.1476E+01 
0.1492E+01 
0.1504E+01 
0.1515E+01 
0.1523E+01 
0.1529E+01 
0.1535E+01 
0.1539E+01 
0.1543E+01 
0.1546E+01 
0.1547E+01 
0.1549E+01 
0.1550E+01 
0.1552E+01 
0.1553E+01 
0.1555E+01 
0.1556E+01 
0;1558E+01 
0.1559E+01 
0.1559E+01 
0.1559E+01 
0.1559E+01 
0.1559E+01 
0.1560E+01 
0.1560E+01 
0.1560E+01 
0.1560E+01 
0.1561 E+01 
0.1561 E+01 
0.1561 E+01 
0.1561 E+01 
0.1562E+01 
0.1562E+01 
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Fig 4.12 Comparison of the m acroscopic cross section of neutrons 
in brain and blood with that in the skull
Fig 4 .12a  Mean free path of neutrons in brain and blood 
with that in skull
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Table 4.33 Neutron transmission ratio in skull
and a mixture of brain a n d  blood
DETECTOR TRANSMISSION FSD
RATIO TRANSMISSION
1 1.9014E-02 0.007002 1.9034E-02 0.007003 1.9047E-02 0.007004 1.9069E-02 0.007005 1.9099E-02 0.007006 1.9138E-02 0.006997 1.9186E-02 0.006998 1.9242E-02 0.006989 1.9308E-02 0.0069710 1.9382E-02 0.0069711 1.9466E-02 0.0069612 1.9560E-02 0.0069513 1.9663E-02 0.0069414 1.9776E-02 0.0069315 1.9899E-02 0.0069216 2.0032E-02 0.0069017 2.0176E-02 0.0068918 2.0331E-02 0.0068819 2.0497E-02 0.0068620 2.0674E-02 0.0068421 2.0864E-02 0.0068322 2.1066E-02 0.0068123 2.1280E-02 0.0067924 2.1508E-02 0.0067725 2.1750E-02 0.0067526 2.2006E-02 0.0067227 2.2278E-02 0.0067028 2.2565E-02 0.0066829 2.2868E-02 0.0066530 2.3189E-02 0.0066231 2.3528E-02 0.0066032 2.388 6E-02 0.0065733 2.4264E-02 0.0065434 2.4662E-02 0.0065135 2.5083E-02 0.006483 6 2.5528E-02 0.0064437 2.5997E-02 0.0064138 2.6492E-02 0.0063739 2.7015E-02 0.0063440 2.7568E-02 0.0063041 2.8153E-02 0.0062642 2.877 IE-02 0.0062243 2.9425E-02 0.0061844 3.0117E-02 0.0061445 3.0850E-02 0.0060946 3.1628E-02 0.0060547 3.2453E-02 0.0060048 3.3329E-02 0.0059549 3.4261E-02 0.0059050 3.5252E-02 0.00585
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Table 4.33 (continued)
DETECTOR TRANSMISSION FSD
RATIO TRANSMISSION
51 3.6308E-02 0.00579
52 3.7434E-02 0.00574
53 3.8636E-02 0.00568
54 3.9922E-02 0.00562
55 4.1300E-02 0.00556
56 4.2778E-02 0.00550
57 4.4366E-02 0.00544
58 4.6076E-02 0.00537
59 4.7921E-02 0.00530
60 4.9917E-02 0.00523
61 5.2079E-02 0.00515
62 5.4429E-02 0.00507
63 5.6991E-02 0.00499
64 5.9791E-02 0.00491
65 6.2862E-02 0.00482
66 6.6244E-02 0.00473
67 6.9983E-02 0.00464
68 7.4137E-02 0.00454
69 7.877 6E-02 0.00443
70 8.3988E-02 0.00432
71 8.9884E-02 0.00421
72 9.6606E-02 0.00408
7 5 1.0 4 35E-01 0.00395
7d 1.1336E-01 0.00381
75 1.2402E-01 0.00365
7 6 1.3688E-01 0.00348
77 1.5286E-01 0.00329
78 1.7383E-01 0.00306
79 2.07 93E-01 0.00273
88 2.3962E-01 0.00248
SI 2.6994E-01 0.00230
82 3.0986E-01 0.00208
83 3.6596E-01 0.00182
8d 9.7 631E-01 0.00004
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Table 1 .3 3 a  p o s i t i o n  o f  t h e  d e t e c t o r s  f o r  n e u t r o n  t r a n s m i s s i o n
c a l c u l a t i o n s
itector x (cm) y (cm) z (cm)
1 -8.1 0.0 O.OE+l2 -8.1 0.1 0.0E+13 -8.1 0.2 0.0E+14 -8.1 0.3 O.OE+l5 -8.1 0.4 0.0E+16 -8.1 0.5 0.0E+17 -8.1 0.6 O.OE+l8 -8.1 0.7 0.0E+19 -8.1 0.8 0.0E+110 -8.1 0.9 0.0E+111 -8.1 1.0 0.0E+112 -8.1 1.1 0.0E+113 -8 .1 1.2 0.0E+114 -8.1 1.3 0.0E+115 -8.1 1.4 0.0E+116 -8 .1 1.5 0.0E+117 -8.1 1.6 0.0E+118 -8.1 1.7 0.0E+119 -8 . 1 1.8 0.0E+120 -8.1 1.9 0.0E+121 -8 .1 2.0 0.0E+122 -8 .1 2.1 0.0E+123 -8.1 2.2 0.0E+124 -8 .1 2.3 0.0E+125 -8 .1 2.4 0.0E+126 • -8 .1 2.5 0.0E+1
2 7 -8 .1 2 . 6 0.0E+1
28 -8.1 2 . 7 0.0E+129 -8 .1 2.8 0.0E+130 -8.1 2.9 0.0E+131 -8.1 3.0 0.0E+132 -8.1 3.1 0.0E+1
3 3 -8.1 3.2 0.0E+134 -8.1 3 . 3 0.0E+135 -8.1 3.4 0.0E+136 -8.1 3.5 0.0E+137 -8 . 1 3 . 6 0.0E+1
38 -8.1 3.7 0.0E+139 -8.1 3 . 8 0.0E+140 -8 .1 3.9 0.0E+141 -8.1 4 . 0 0.0E+142 -8 .1 4 . 1 0.0E+143 -8.1 4 . 2 0.0E+144 -8 . 1 4 . 3 0.0E+14 5 -8 .1 4 . 4 0.0E+146 -8 .1 4 . 5 0.0E+147 -8 . 1 4.6 0.0E+148 - 8  . 1 4 . 7 0.0E+14 9 -8 . 1 4 . 8 0.0E+1
50 - 8  . 1 4 . 9 0 .0E+1
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Table 4.33a (continued)
Detector x (cm) y  (cm)
5 1 - 8 . 1 5 . 0
5 2 - 8 . 1 5 . 1
5 3 - 8 . 1 5 . 2
5 4 - 8 . 1 5 . 3
5 5 - 8 . 1 5 . 4
5 6 - 8 . 1 5 . 5
5 7 - 8 . 1 5 . 6
5 8 - 8 . 1 5 . 7
5 9 - 8 . 1 5 . 8
60 - 8 . 1 5 . 9
61 - 8  . 1 6 . 0
62 - 8 . 1 6 . 1
63 - 8 . 1 6 . 2
64 - 8 . 1 6 . 3
65 - 8 . 1 6 . 4
66 - 8 . 1 * 6 . 5
67 - 8 . 1 6 . 6
68 - 8 . 1 6 . 7
6 9 - 8 . 1 6 . 8
7 0 - 8  . 1 6 . 9
71 - 8 . 1 7 . 0
7 2 - 8  . 1 7 . 1
7 3 - 8  . 1 7 . 2
7 4 - 8  . 1 7 . 3
7 5 - 8  . 1 7 . 4
7 6 - 8 . 1 7 . 5
7 7 - 8  . 1 7 . 6
7 8 - 8 . 1  - 7 . 7
7 9 - 8  . 1 7 . 8
80 - 8  . 1 7 . 9
81 - 8  . 1 8 . 0
82 - 8 . 1 8 . 1
83 - 8 . 1 8 . 2
84 - 8 . 1 1 0 . 1
z (cm)
0 . OE+1  
0 . 0 E + 1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1  
0 . OE+1
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4.3.4 Study of brain tumor
The analytical results o f  measured elemental com positions in normal human brain and 
brain tumor tissues show  that concentrations o f  Ca, Fe, Cu, Zn, Se, M n, Br and Sc are 
significantly higher in brain tumor tissue than in brain tissue (GUI. 91). Our main 
objective in this subsection is to study detectability o f  fast neutrons in detection o f  tumor 
in brain
In part 4 .3 .4a  a tumor will be simulated at the middle o f  an object assumed to  be made o f  
brain an skull. In part 4 .3.4b  the macroscopic cross section, the mean free path and the 
transmission o f  fast neutrons in brain tumor tissue are obtained and discussed.
4.3.4.1 Simulation of an object made of skull brain and brain tumor
From the trace elements which are existed in a brain tumor and explained in above 
subsection 4 .3 .4  calcium has a higher probability to be detected by fast neutrons. This is 
because o f  its higher concentration, lower atomic weight and higher microscopic cross 
section in tumor tissue. The concentration o f  calcium in tumor tissue is 1640 pg/g  
whereas it is 241 jig/g in normal soft tissue (GUI. 91). The cross section module was 
applied to  analyse the macroscopic cross section o f  brain tumor and brain tissue The 
specifications o f  the matrices in the direction o f  fast neutrons are listed in table 4.34. The 
abundance o f  calcium in the tumor w as obtained from equation 3.4 using the 
concentration o f  the calcium in brain tumor and the density o f  Ca which is 1.54 g/cm 3 . 
The tumor was considered to  have a radius o f  2.5 cm at the centre o f  the brain. The 
location and orientation o f  the bodies o f  the skull, brain and tumor are provided in table 
4.35. The details o f  the input zone and medium for each zone are supplied in table 4 .36. 
They are obtained using the procedure explained in section 3.3.4.2.
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4.3.4.2 Transmission of neutrons through skull, brain and brain tumor
The macroscopic cross section o f  neutrons in brain tumor and their transmission through 
skull, brain and brain tumor w ere calculated using the MORSEZ program. The mean free 
paths as a function o f  energy o f  the neutrons in tumor tissue w ere obtained from the 
results o f  the macroscopic cross sections o f  the neutrons in tumor tissue the results. The 
results are as follows.
Table 4 .37  represents the m acroscopic cross section and mean free path o f  neutrons in 
brain tumor for 100 neutron energy groups. The values o f  this table are displayed as S  
versus energy in Fig 4.13 and as mean free path versus energy in Fig 4.13a. They 
compare with those o f  the brain as follows.
The brain tumor exhibits, as expected, nearly the same macroscopic cross section as that 
o f  the brain tissue. The difference between the values shown in tables 4.37 and 4 .32 are in 
the order o f  I ff4. The reason is the low  concentration o f  Ca in tumor and in addition the 
lower macroscopic cross section o f  Ca for fast neutrons compared with that o f  H, O, N  
and C which are the main elemental com positions o f  the brain.
The transmission ratios o f  fast neutrons through the skull, brain and brain tumor were 
analysed as a function o f  neutron energy by means o f  the M ORSEZ computer program. 
The total number o f  transmitted neutrons and the fractional standard deviations at each  
detector location are shown in table 4.38. The detectors were considered to be in the same 
positions that were applied for the transmission o f  neutrons in brain and skull and are 
supplied in table 4.33a. A  raysum tangent to  the exterior o f  the tumor detects at 26mm  
distance from the first detector (central one) at detector number 27. This was calculated 
using the same procedure as in Fig 4.1 for a point source at a 200  cm distance from the 
centre o f  the brain. The results confirm that, at detector number 27 which is just at the 
exterior o f  the tumor position, the neutron transmission ratio is 2.2%  while at detectors
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26, 25, 24 and 23 (in the tumor zone) the ratios are 2.1%, 2.1%, 2.1% and 2.1% . At 
detectors 28, 29, 30 and 31 (in the brain zone), they are 2.2%, 2.2%, 2.2% and 2.3% . The 
increase o f  the neutron transmission is due to the smooth reduction o f  the spherical object 
thickness which is nearly the same for all the detectors. It is not due to the concentration 
o f  Ca in the tumor. Therefore, trace elem ents in the brain tumor cannot be detected by the 
fast neutron transmission technique. The minimum detectable mass o f  Ca in brain for a 
modest value o f fractional change in mass attenuation coefficient o f  f  =0.01 was calculated  
by using equation 2.15. The results for neutron energies 1.24 keV , 0.45 M eV, 0 .55 M eV, 
0.88 M eV, 1.18 M eV, 1.49 M eV, 3.7 M eV, and 6.9 MeV are 10.2 mg/g, 10.3 m g/g, 
10.2 m g/g, 15.9 m g/g, 10.0 m g/g, 12.3 m g/g, 12.8 m g/g and 14.5 m g/g respectively. 
Therefore to measure Ca in brain by neutron transmission technique, a concentration o f  at 
least 10 m g/g o f  Ca is needed. This is because the macroscopic cross section o f  these 
elements do not produce significant change (more than order o f  10^) in the m acroscopic 
cross section o f  the brain the reason being the very low concentration and low  
macroscopic cross section o f  these elements for fast neutrons. Neutron transmission 
calculations for 50000 neutrons in 81 mm skull and brain with 2.5 cm tumor at its centre 
used 21.28 minutes computer time.
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Table 4.34 Input data for cross section m odule for detection o f brain tumor
Media Element Media
number
Element
number
Element abundance 
(a tom /1024cm3)
Brain tumor H 1 +1 0.066500
tt C 1 +2 0.006367
tl N 1 +3 0.005962
tt 0 1 +4 0 .028932
tt s 1 + 6 0 .000030
tl Ca 1 -7 0.000038
Brain H 2 +1 0 .066500
ft C 2 +2 0.006367 !
it N 2 +3 0 .005962
it O 2 +4 0.028932
tt S 2 +6 0.000030
tl Ca 2 -7 0 .000006
Skull H 3 + 1 0 .048120
i n C 3 +2 0.017123
H N 3 +3 0 .002770
it 0 3 +4 0.026373
n P 3 +5 0 .002537
tt s 3 + 6 0 .000103
tt Ca 3 +7 0.004259
Air N 4 +3 0.000044
il O 4 -4 0 .000010
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Table 4.35 The location and orientation o f  the bodies for skull, brain and tumor
NO Body Data defining particular body
1 SPH 0.0 0 .0 0.0 2.5
2 SPH 0.0 0 .0 0.0 7.5
3 SPH 0.0 0 .0 0.0 8.1
4 RPP -250.0 250.0 -250 .0 250.0 -250 .0 250.0
5 RPP -300 .0 300.0 -300 .0 300.0 -300 .0 300.0
6 RPP -1300 .0 1300.0 -1300.0 1300.0 -1300.0 1300.0
Table 4.36 Specification o f  the input zones and medium o f  each zone for tumor
calculations
Media Data defining particular body
Tumor + 1
brain +2 -1
Skull +3 -2
Air +4 -3
Null +5 -4
Out +6 -5
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TA BLE 4.37 MEAN FREE PATH (M.F.P) AND M ACROSCOPIC CROSS
SECTION(SIGT) OF NEUTRO NS IN BRAIN TUM O R
ENERG Y (eV ) SIG T (cm -l) M.F.P(cr
0.1492E+08 0.1110E+00 0.9009E+01
0.1350E+08 0.1135E+00 0.8811 E+01
0.1221E+08 0.1208E+00 0.8278E+01
0.1105E+08 0.1155E+00 0.8658E+01
0.1000E+08 0.1169E+00 0.8554E+01
0.9048E+07 0.1227E+00 0.8150E+01
0.8187E+07 0.1327E+00 0.7536E+01
0.7408E+07 0.1325E+00 0.7547E+01
0.6703E+07 0.1347E+00 0.7424E+01
0.6065E+07 0.1530E+00 0.6536E+01
0.5488E+07 0.1611 E+00 0.6207E+01
0.4966E+07 0.1687E+00 0.5928E+01
0.4493E+07 0.1999E+00 0.5003 E+01
0.4066E+07 0.2299E+00 0.4350E+01
0.3679E+07 0.2559E+00 0.3908 E+01
0.3329E+07 0.2330E+00 0.4292E+01
0.3012E+07 0.2131 E+00 0.4693E+01
0.2725E+07 0.2168E+00 0.4613E+01
0.2466E+07 0.2136E+00 0.4682E+01
0.2231 E+07 0.2486E+00 0.4023E+01
0.2019E+07 0.2823E+00 0.3542E+01
0.1827E+07 0.2873E+00 0.3481 E+01
0.1653E+07 0.3102E+00 0.3224E+01
0.1496E+07 0.3323E+00 0.3009E+01
0.1353E+07 0.3913E+00 0.2556E+01
0.1225E+07 0.3727E+00 0.2683E+01
0.1108E+07 0.4621 E+00 0.2164 E+01
0.1003E+07 0.4757E+00 0.2102E+01
0.9072E+06 0.4181 E+00 0.2392E+01
0.8209E+06 0.4300E+00 0.2326E+01
0.7427E+06 0.4510E+00 0.2217E+01
0.6721 E+06 0.4727E+00 0.2116E+01
0.6081 E+06 0.4994E+00 0.2002E+01
0.5502E+06 0.5463E+00 0.1830E+01
0.4979E+06 0.7144E+00 0.1400E+01
0.4505E+06 0.8383E+00 0.1193E+01
0.4076E+06 0.6622E+00 0.1510E+01
0.3688E+06 0.6481 E+00 0.1543E+01
0.3337E+06 0.6641 E+00 0.1506E+01
0.3020E+06 0.6878E+00 0.1454E+01
0.2732E+06 0,7144 E+00 0.1400E+01
0.2472E+06 0.7424E+00 0.1347E+01
0.2237E+06 0.7717E+00 0.1296E+01
0.2024E+06 0.8020E+00 0.1247E+01
0.1832E+06 0.8334E+00 0.1200E+01
0.1657E+06 0.8647E+00 0.1156E+01
0.1500E+06 0.8963E+00 0.1116E+01
0.1357E+06 0.9275E+00 0.1078E+01
0.1228E+06 0.9587E+00 0.1043E+01
0.1111 E+06 0.1012E+01 0.9881 E+00
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TABLE 4.37 (CONTINUED)
S IG T (cm -l) M .F.P(cm)ENERG Y(eV)
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183 E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171 E+05 
0.9119E+04 
0.7102E+04 
0.5531 E+04 
0.4308E+04 
0.3355E+04 
0.2613E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145 E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371 E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855E+01 
0.1445E+01 
0.1125 E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
0.1086E+01 
0.1157E+01 
0.1220E+01 
0.1278E+01 
0.1326E+01 
0.1368E+01 
0.1403E+01 
0.1431E+01 
0.1455E+01 
0.1474E+01 
0.1490E+01 
0.1502E+01 
0.1513E+01 
0.1521E+01 
0.1527E+01 
0.1533E+01 
0.1537E+01 
0.1541 E+01 
0.1543E+01 
0.1545E+01 
0.1546E+01 
0.1548E+01 
0.1550E+01 
0.1551 E+01 
0.1553E+01 
0.1554E+01 
0.1556E+01 
0.1557E+01 
0.1557E+01 
0.1557E+01 
0.1557E+01 
0.1557E+01 
0.1558E+01 
0.1558E+01 
0.1558E+01 
0.1558E+01 
0.1559E+01 
0.1559E+01 
0.1559E+01 
0.1559E+01 
0.1560E+01 
0.1560E+01 
0.1560E+01 
0.1561 E+01 
0.1562E+01 
0.1562E+01 
0.1563E+01 
0.1564E+01 
0.1565E+01 
0.3207 E+01
0.9208E+00 
0.8643E+00 
0.8197E+00 
0.7825E+00 
0.7541 E+00 
0.7310E+00 
0.7128E+00 
0.6988E+00 
0.6873E+00 
0.6784E+00 
0.6711 E+00 
0.6658E+00 
0.6609E+00 
0.6575E+00 
0.6549E+00 
0.6523E+00 
0.6506E+00 
0.6489E+00 
0.6481 E+00 
0.6472E+00 
0.6468E+00 
0.6460E+00 
0.6452E+00 
0.6447E+00 
0.6439E+00 
0.6435E+00 
0.6427E+00 
0.6423E+00 
0.6423E+00 
0.6423E+00 
0.6423E+00 
0.6423E+00 
0.6418E+00 
0.6418 E+00 
0.6418 E+00 
0.6418E+00 
0.6414E+00 
0.6414 E+00 
0.6414 E+00 
0.6414E+00 
0.6410E+00 
0.6410 E+00 
0.6410E+00 
0.6406E+00 
0.6402E+00 
0.6402E+00 
0.6398E+00 
0.6394E+00 
0.6390E+00 
0.3118E+00
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Rg 4.13 Comparison of the neutron macroscopic cross section 
in brain tumor and brain
Rg 4 .13a  Comparison of the m ean free path of neutrons 
in brain and brain tumor
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Table 4.38 Neutron transmission ratio in skull,tumor
and a mixture of brain and blood
DETECTOR TRANSMISSION FSD
RATIO TRANSMISSION
1 1 . 8845E-02 0.006522 1.8849E-02 0.006523 1.8862E-02 0.006524 1 . 8883E-02 0.006515 1.8913E-02 0.006516 1.8952E-02 0.006517 1.8999E-02 0.006508 1.9055E-02 0.006509 1.9120E-02 0.0064910 1.9194E-02 0.0064811 1.9277E-02 0.0064812 1.9369E-02 0.0064713 1.9471E-02 0.0064614 1.9582E-02 0.0064515 1.9704E-02 0.0064416 1.9836E-02 0.0064217 1.9978E-02 0.0064118 2.0131E-02 0.0064019 2.0295E-02 0.0063820 2 . 0470E-02 0.0063721 2.0657E-02 0.0063522 2 . 0857E-02 0.0063323 2 .1068E-02 0.0063124 2.1293E-02 0.0063025 2 . 1532E-02 0.0062826 2 .1783E-02 0.0062527 2.2048E-02 0.0062328 2 . 2331E-02 0.0062129 2.2632E-02 0.0061930 2.2950E-02 0.0061631 2.3286E-02 0.0061432 2. 364 IE-02 0.0061133 2.4015E-02 0.0060834 2.4411E-02 0.0060535 2.4 82SE-02 0.0060236 2.5269E-02 0.0059937 2.5734E-02 0.0059638 2.6225E-02 0.0059339 2.67 4 4E-02 0.0058940 2.72 92E-02 0.0058641 2.7872E-02 0 .0058242 2.84 85E-02 0.0057843 2.9133E-02 0.0057444 2 . 9820E-02 0.0057045 3.054 7E-02 0.0056646 3.1319E-02 0.0056247 3.2137E-02 0 . 0055848 3.3006E-02 0 . 0055349 3.3930E-02 0 . 0054950 3.4914E-02 0.0054451 3.5961E-02 0 .00539
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Table 4.38 (continued)
DETECTOR TRANSMISSION FSD
RATIO TRANSMISSION
52 3.7078E-02 0.00534
53 3.8272E-02 0.00529
54 3.9548E-02 0.00523
55 4.0915E-02 0.00518
56 4.2382E-02 0.00512
57 4.3958E-02 0.00506
58 4.5655E-02 0.00500
59 4.7487E-02 0.00494
60 4.94 67E-02 0.00488
61 5.1614E-02 0.00481
62 5.3948E-02 0.00474
63 5.64 91E-02 0.00467
64 5.9272E-02 0.00460
65 6.2322E-02 0.00452
66 6.568IE-02 0.00444
67 6.9396E-02 0.00436
68 7.3523E-02 0.00427
69 7.8132E-02 0.00418
70 8.3311E-02 0.00409
71 8.917IE-02 0.00399
72 9.5854E-02 0.00388
73 1.0355E-01 0.00377
7^ 1.1252E-01 0.00365
75 1.2312E-01 0.00352
76 1.3592E-01 0.00337
77 1.5182E-01 . 0.00321
78 1.7270E-01 0.00301
79 2.0669E-01 0.00271
80 2.3830E-01 0.00250
81 2.6854E-01 0.00233
82 3.0840E-01 0.00212
83 3.64 4 4E-01 0.00187
84 9.7 625E-01 . 0.00004
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4.3.5 Study of boron injected brain for neutron capture therapy
Sodium borocaptate B SH  or (Na2 B 12  H l l  SH) is a boron compound which is 
particularly attractive for boron neutron capture therapy as it does not penetrate in brain 
tissue to the same degree as it does in brain tumor (SOL. 67). The present subsection is to  
explore the detectability o f  fast neutrons in detection o f  boron concentration in brain and 
brain tumor.
In part 4 .3 .5a an object made o f  skull, boron injected brain and boron injected tumor will 
be simulated according to their com positions and dimensions. Part 4.3.5b is to  calculate 
the macroscopic cross section, The mean free path and the transmission o f  neutrons in 
boron injected brain and tumor and discuss the findings.
4.3.5.1 Simulation of an object made of skull, injected brain and injected tumor
Boron uptake in tumor due to  the injection o f  B SH  is about 12.2 p g /g  while in the normal 
part o f  the brain tissue the concentration o f  boron is 1.2 pg/g  (H AS. 1994)1’2 U sing the 
above data and considering the density o f  tumor is the same as the density o f  brain, the 
elemental abundance o f  boron in tumor is 1.81 x  10"6 atom per 1 0 '^ c m 3 while in normal 
brain tissue it is 0 .17  x  10“6 atom per 10“24cm3 in  subsection 4 .2 .10  the transmission o f  
neutrons in brain and brain tumor presented nearly the same results. Accordingly, the 
elemental com position o f  brain tumor was assumed to be the same as the o f  brain. W e 
also considered a very small hole o f  10'8pm o f  boron at the centre o f  the brain to  calculate 
the macroscopic cross section o f  the boron, as such a small mass does not affect the 
transmission results. Table 4 .39 gives the specification o f  the simulated media in the 
direction o f  the neutron beam for the cross section module; medium 1 is boron; medium 2  
stands for mixture o f  tumor, blood and boron; medium 3 denotes mixture o f  brain tissue, 
blood and boron; medium 4 represents skull and medium 5 is air. Comparing the elemental 
abundance o f  constituent elements o f  the brain in table 4.39, it can be seen that all the
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elements o f  the brain have more abundance than boron and since the total microscopic 
cross section o f  boron for fast neutrons is not higher than that for any o f  the other 
elements, it is not expected that boron can be detected by fast neutrons. The location and 
orientation o f  the bodies are provided in table 4.40. The details o f  the input zone and the 
medium o f  each zone are supplied in table 4.41.
4.3.5.2 Transmission of fast neutrons in skull, injected brain and injected tumor
The macroscopic cross section and the transmission o f  neutrons in an injected brain and a 
brain tumor w ere analysed by means o f  the M ORSEZ program. Then the mean free path 
o f  neutrons for each medium w ere obtained. The results are as follows.
Tables 4 .42  and 4.43 present the m acroscopic cross section and mean free paths o f  
neutrons in boron injected tumor and boron. Boron injected brain has the same 
macroscopic cross section results as that o f  the brain for neutron energies o f  U 235 fission  
source 104to  107eV.
The injected brain tumor also exhibited, as expected from densities in table 4 .39, nearly the 
same macroscopic cross section as that o f  the injected brain for U 235 fission neutrons. 
The results have been compared in Fig 4.15. The reason is the low  concentration and the 
low  macroscopic cross section o f  boron for the neutron energies o f  10^ to  107eV. The 
macroscopic cross section and mean free path o f  neutrinos in boron have been compared 
to  those o f  both brain and brain tumor in Figs 4 .14  and 4.14a. Fig 4 .14  shows that boron 
has a lower macroscopic cross section for fast neutrons than brain and tumor, hence it 
can not be detected by fast neutron transmission techniques. Although boron has a higher 
microscopic cross section for neutrons with energies less than 2 x l0 3 eV , the fractions o f  
neutrons for energies low er than 2 x l0 3eV  are negligible (the value is zero from table 3.7  
and Fig 3.16 for U235 fission neutrons. The concentration o f  boron in injected brain 
tumor is also low. Therefore only neutron sources with energy less than 2x10 3 eV  make
152
the detection o f  injected brain and injected brain tumor feasible. Boron is detectable by 
thermal neutrons with excellent resolution in thin objects, but thermal neutrons cannot 
penetrate in a thickness o f  the brain. The output o f numerous counters in M ORSE permits 
one to calculate scattered neutrons as a function o f energy at any position o f  the brain. 
Therefore M ORSE can be applied to analyse the optimum neutron energy which will be 
thermalized at a tumor position for the destruction o f  tumor as well as to detect it by 
neutron absorption and prompt gamma ray em ission.
The transmission ratio o f  fast neutrons through the skull, injected brain and injected tumor 
were calculated as a function o f  neutron energies. The total number o f  transmitted 
neutrons and the fractional standard deviations at each detector positions are presented in 
table 4.44. The position o f  the detectors is the same as those for the transmission o f  
neutrons in brain and skull given in table 4.33a. The image position o f  the outside o f  the 
tumor for a point source at a 200 cm distance from the centre o f  the brain is detected by 
the detector number 27 (see Fig 4.1). The transmission ratios at the location o f  the 3 
detectors before and after this point are 2.1% , 2.1% , 2.1% , 2.2% . 2.2% , 2.2% and 2.3%. 
The smooth increase o f  the intensity is for the reduction o f  the brain thickness and does 
not have a significant change due to the concentration o f  boron in the brain tumor. W e 
already demonstrated in section 4 .2 .5  that for elements with the value o f  (X/p) low er than 
the value o f  the matrix, the minimum detectable mass is f  or less than f  . Therefore for a 
m odest value o f  f=0.01, not more than 10 m g/g o f  boron is detectable in brain. This is also 
shown in Fig 4.14b whereas the minimum detectable mass o f  boron in brain versus neutron 
energy for f=0.01is obtained and displayed. H owever, a concentration o f  12.2 fig/g  o f  
boron in an injected brain as was shown in section 4.2.11 can not be detected by fast 
neutron transmission technique. Fig 4.14b unfold that neutrons with energy less than 10 
eV can detect less than 0.1 m g/g boron in brain.
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Table 4.39 Input data for cross section module for the Boron injected brain
Media Element Medium
number
Element
number
Element abundance 
(atom per 10'24cm3)
; Boron B 1 -8 0 .013934
Injected tumor H 2 +1 0.066500
If C 2 +2 0.006367
tl N 2 +3 0.005962
tl 0 2 +4 0.028932
j tt s 2 + 6 0 .000030
tt B 2 -8 0.000002
Injected brair H 3 +1 0.066500
tt C 3 +2 0.006367
tt N 3 +3 0.005962
t» 0 3 +4 0.028932
•• s 3 -+6 0.000030
tt B 3 -8 0.000000
Skull H 4 +1 0.048120
it C 4 +2 0.017123
ti N 4 +3 0.002770
tt O 4 +4 0.026373
tt P 4 +5 0.002537
tt S 4 + 6 0.000103 !
tt Ca 4 +7 0.004259
Air N 5 +3 0.000044
il 0 5 -4 0 .000010 !
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Table 4 .40 The location and orientation o f  the bodies for skull and injected brain and
tumor
N o Body Data defining particular body
1 SPH 0.0 0.0 0.0 0.000001
2 SPH 0.0 0.0 0.0 2.5
3 SPH 0.0 0.0 0.0 7.5
4 SPH 0.0 0.0 0.0 8.1
5 RPP -250.0 250.0 -250.0 250.0 -250 .0 250.0
6 RPP -300.0 300.0 -300 .0 300.0 -300 .0 300.0
7 RPP -1300.0 1300.0 -1300.0 1300.0 -1300.0 1300.0
Table 4.41 Specification o f the input zones and medium o f each zone for tumor
calculations
Media Definition o f each zone by the body numbers
Boron + 1
Boron injected tumor +2 - i  !
Boron injected brain +3 -2
Skull +4 -3
Air +5 -4
Null +6 -5
Out +7 -6
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TABLE. 4.42 MEAN FREE PATH (M .F.P) A N D  M ACROSCOPIC CROSS  
SECTION  
(SIGT) OF NEUTRONS FOR BRAIN TUM OR INJECTED BY BORON
EN ERG Y(eV )
0.1492E+08 
0.1350E+08 
0.1221E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488 E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832 E+06 
0.1657E+06 
0.1500E+06 
0.1357E+06 
0.1228E+06
SIG T (cm -l)
0.1114E+00 
0.1139E+00 
0.1212E+00 
0.1159E+00 
0.1173 E+00 
0.1231E+00 
0.1332E+00 
0.1329E+00 
0.1351 E+00 
0:1534E+00 
0.1616E+00 
0.1692E+00 
0.2005E+00 
0.2305E+00 
0.2565E+00 
0.2336E+00 
0.2137E+00 
0.2175E+00 
0.2142E+00 
0.2492E+00 
0.2831 E+00 
0.2881 E+00 
0.3110E+00 
0.3332E+00 
0.3922E+00 
0.3737E+00 
0.4633E+00 
0.4770E+00 
0.4193E+00 
0.4312E+00 
0.4523E+00 
0.4741 E+00 
0.5009E+00 
0.5480E+00 
0.7163 E+00 
0.8405E+00 
0.6641 E+00 
0.6499E+00 
0.6661 E+00 
0.6897E+00 
0.7163 E+00 
0.7445E+00 
0.7738E+00 
0.8042E+00 
0.8355E+00 
0.8670E+00 
0.8985E+00 
0.9298E+00 
0.9611 E+00
M .F.P(cm )
0.8977E+01 
0.8780E+01 
0.8251 E+01 
0.8628E+01 
0.8525E+01 
0.8123 E+01 
0.7508E+01 
0.7524E+01 
0.7402E+01 
0.6519E+01 
0.6188E+01 
0.5910E+01 
0.4988E+01 
0.4338E+01 
0.3899E+01 
0.4281 E+01 
0.4679E+01 
0.4598E+01 
0.4669E+01 
0.4013E+01 
0.3532E+01 
0.3471 E+01 
0.3215E+01 
0.3001 E+01 
0.2550E+01 
0.2676E+01 
0.2158E+01 
0.2096E+01 
0.2385E+01 
0.2319E+01 
0.2211 E+01 
0.2109 E+01 
0.1996E+01 
0.1825E+01 
0.1396E+01 
0.1190E+01 
0.1506E+01 
0.1539E+01 
0.1501E+01 
0.1450E+01 
0.1396E+01 
0.1343E+01 
0.1292E+01 
0.1243E+01 
0.1197 E+01 
0.1153E+01 
0.1113E+01 
0.1076E+01 
0.1040E+01
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Table 4.42 (continued)
ENERG Y(eV) 
0.1111 E+06 
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171 E+05 
0.9119E+04 
0.7102E+04 
0.5531 E+04 
0.4308E+04 
0.3355E+04 
0.2613E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145 E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371 E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855 E+01 
0.1445E+01 
0.1125 E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
S IG T (cm -l)
0.1015E+01
0.1089E+01
0.1159E+01
0.1223E+01
0.1281 E+01
0.1329E+01
0.1371 E+01
0.1406E+01
0.1435E+01
0.1459E+01
0.1478E+01
0.1494E+01
0.1507E+01
0.1517E+01
0.1525E+01
0.1533E+01
0.1538E+01
0.1543E+01
0.1547E+01
0.1551 E+01
0.1553E+01
0.1555E+01
0.1557E+01
0.1560E+01
0.1562E+01
0.1565E+01
0.1568E+01
0.1571 E+01
0.1573E+01
0.1575E+01
0.1578E+01
0.1580E+01
0.1583E+01
0.1587E+01
0.1590E+01
0.1595E+01
0.1599E+01
0.1605E+01
0.1611 E+01
0.1618E+01
0.1625E+01
0.1634E+01
0.1644E+01
0.1656E+01
0.1668E+01
0.1683E+01
0.1699E+01
0.1718E+01
0.1739E+01
0.1763 E+01
0.3667E+01
M .F.P(cm) 
0.9852E+00 
0.9183E+00 
0.8628E+00 
0.8177E+00 
0.7806E+00 
0.7524E+00 
0.7294E+00 
0.7112E+00 
0.6969E+00 
0.6854E+00 
0.6766E+00 
0.6693E+00 
0.6636E+00 
0.6592E+00 
0.6557E+00 
0.6523E+00 
0.6502E+00 
0.6481 E+00 
0.6464E+00 
0.6447 E+00 
0.6439E+00 
0.6431 E+00 
0.6423E+00 
0.6410E+00 
0.6402E+00 
0.6390E+00 
0.6378E+00 
0.6365E+00 
0.6357E+00 
0.6349E+00 
0.6337E+00 
0.6329E+00 
0.6317E+00 
0.6301 E+00 
0.6289E+00 
0.6270E+00 
0.6254E+00 
0.6231 E+00 
0.6207E+00 
0.6180E+00 
0.6154E+00 
0.6120E+00 
0.6083E+00 
0.6039E+00 
0.5995E+00 
0.5942E+00 
0.5886E+00 
0.5821 E+00 
0.5750E+00 
0.5672E+00 
0.2727E+00
157
TABLE. 4.43 MEAN FREE PATH (M.F.P) AND M ACROSCOPIC
CROSS SECTION(SIGT) OF NEUTRO NS FOR BO RO N  M EDIA
ENERG Y(eV )
0.1492E+08 
0.1350E+08 
0.1221 E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721E+06 
0.6081E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.223 7E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06 
0.1357E+06 
0.1228E+06 
0.1111 E+06
SIG T (cm -l)
0.1903E+00 
0.1904E+00 
0.1913E+00 
0.1886E+00 
0.1859E+00 
0.1890E+00 
0.1959E+00 
0.1986E+00 
0.1901 E+00 
0.1759E+00 
0.1819E+00 
0.2119E+00 
0.2378E+00 
0.2254E+00 
0.2255E+00 
0.2589E+00 
0.3141 E+00 
0.3095E+00 
0.2672E+00 
0.2681 E+00 
0.3036E+00 
0.2830E+00 
0.2717E+00 
0.2886E+00 
0.3113 E+00 
0.3363E+00 
0.3626E+00 
0.3878E+00 
0.4128E+00 
0.4417E+00 
0.4745E+00 
0.5108E+00 
0.5499E+00 
0.5869E+00 
0.6153E+00 
0.6338E+00 
0.6471 E+00 
0.6585E+00 
0.6682E+00 
0.6750E+00 
0.6789E+00 
0.6800E+00 
0.6790E+00 
0.6765E+00 
0.6734E+00 
0.6702E+00 
0.6671 E+00 
0.6648E+00 
0.6635E+00 
0.6646E+00
M .F.P(cm)
0.5255E+01 
0.5252E+01 
0.5227E+01 
0.5302E+01 
0.5379E+01 
0.5291 E+01 
0.5105E+01 
0.5035E+01 
0.5260E+01 
0.5685E+01 
0.5498E+01 
0.4719E+01 
0.4205E+01 
0.4437E+01 
0.4435E+01 
0.3862E+01 
0.3184 E+01 
0.3231 E+01 
0.3743E+01 
0.3730E+01 
0.3294E+01 
0.3534E+01 
0.3681 E+01 
0.3465 E+01 
0.3212E+01 
0.2974E+01 
0.2758E+01 
0.2579E+01 
0.2422E+01 
0.2264E+01 
0.2107 E+01 
0.1958E+01 
0.1819E+01 
0.1704E+01 
0.1625E+01 
0.1578 E+01 
0.1545 E+01 
0.1519E+01 
0.1497E+01 
0.1481 E+01 
0.1473E+01 
0.1471E+01 
0.1473E+01 
0.1478E+01 
0.1485E+01 
0.1492E+01 
0.1499E+01 
0.1504E+01 
0.1507E+01 
0.1505E+01
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Table 4.43 (continued)
ENERG Y(eV)
0.8652E+05
0.673 8 E+05
0.5248E+05
0.4087E+05
0.3183 E+05
0.2479E+05
0.1930E+05
0.1504E+05
0.1171 E+05
0.9119E+04
0.7102E+04
0.5531 E+04
0.4308E+04
0.3355E+04
0.2613 E+04
0.2035E+04
0.1585E+04
0.1234E+04
0.9611E+03
0.7485E+03
0.5830E+03
0.4540E+03
0.3536E+03
0.2754E+03
0.2145E+03
0.1670E+03
0.1301E+03
0.1013E+03
0.7890E+02
0.6145E+02
0.4785E+02
0.3727E+02
0.2902E+02
0.2260E+02
0.1760E+02
0.1371E+02
0.1068E+02
0.8316E+01
0.6476E+01
0.5044E+01
0.3928E+01
0.3059E+01
0.2382E+01
0.1855E+01
0.1445E+01
0.1125 E+01
0.8765E+00
0.6826E+00
0.5316E+00
0.4140E+00
SIG T (em -l)
0.6734E+00
0.6917E+00
0.7195 E+00
0.7572E+00
0.8047E+00
0.8623E+00
0.9310E+00
0.1011E+01
0.1104E+01
0.1211E+01
0.1333E+01
0.1473E+01
0.1632E+01
0.1814E+01
0.2020E+01
0.2255E+01
0.2521 E+01
0.2822E+01
0.3164 E+01
0.3551 E+01
0.3990E+01
0.4487E+01
0.5052E+01
0.5692E+01
0.6419E+01
0.7244E+01
0.8179E+01
0.9237E+01
0.1043E+02
0.1179E+02
0.1333E+02
0.1507E+02
0.1704E+02
0.1928E+02
0.2182E+02
0.2470E+02
0.2796E+02
0.3165E+02
0.3583E+02
0.4056E+02
0.4593 E+02
0.5202E+02
0.5891 E+02
0.6673E+02
0.7559E+02
0.8562E+02
0.9699E+02
0.1099E+03
0.1245E+03
0.2889E+03
M .F.P(cm )
0.1485E+01
0.1446E+01
0.1390E+01
0.1321 E+01
0.1243E+01
0.1160E+01
0.1074E+01
0.9891 E+00
0.9058E+00
0.8258E+00
0.7502E+00
0.6789E+00
0.6127E+00
0.5513E+00
0.4950E+00
0.4435E+00
0.3967E+00
0.3544E+00
0.3161 E+00
0.2816E+00
0.2506E+00
0.2229E+00
0.1979E+00
0.1757E+00
0.1558E+00
0.1380E+00
0.1223E+00
0.1083E+00
0.9588E-01
0.8482E-01
0.7502E-01
0.6636E-01
0.5869E-01
0.5187E-01
0.4583E-01
0.4049E-01
0.3577E-01
0.3160E-01
0.2791 E-01
0.2465E-01
0.2177E-01
0.1922E-01
0.1698E-01
0.1499E-01
0.1323E-01
0.1168E-01
0.1031E-01
0.9099E-02
0.8032E-02
0.3461 E-02
159
Fig 4.14 Comparison of macroscopic cross section of neutrons 
in brain tumor, brain and boron
Fig 4.14a Comparison of mean free path of neutrons 
in brain, tumor and boron
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Fig 4.14b Minimum detectable mass of boron in brain
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Fig 4.15 Comparison of the macroscopic cross section 
of neutrons in boron injected brain and brain tumor
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Table 4.44 Neutron transmission ratio in skul, injected
brain and blood mixture and tumor
DETECTOR TRANSMISSION FSD
RATIO TRANSMISSION
1 1.8917E-02 0.00667
2 1.8923E-02 0.00667
3 1. 8936E-02 0.00667
4 1. 8957E-02 0.00666
5 1.8987E-02 0.00666
0 1.9026E-02 0.00666
7 1.9074E-02 0.00665
8 1.9130E-02 0.00665
9 1. 9195E-02 0.00664
10 1.9270E-02 0.00663
11 1 . 9354E-02 0.00663
12 1 . 9447E-02 0.00662
13 1, 9549E-02 0.00661
14 1 . 9662E-02 0.00660
15 1.9785E-02 0.00659
10 1 . 9917E-02 0.00658
17 2 . 0061E-02 0.00656
18 2.0215E-02 0.00655
19 2 . 0380E-02 0.00654
20 2 . 0557E-02 0.00652
21 2.074 6E-02 0.00650
22 2 . 0947E-02 0.00649
23 2.1161E-02 0.00647
24 2.1389E-02 0.00645
25 2 . 1630E-02 0.00643
26 2.188 6E-02 0.00641
27 2.2156E-02 0.00639
28 2.2442E-02 0.00637
29 2.2745E-02 0.00634
30 2 . 3065E-02 0.00632
31 2 . 3403E-02 0.00629
32 2.3759E-02 0.00627
33 2.4136E-02 0.00624
34 2.4534E-02 0.00621
35 2 . 4954E-02 0.00618
36 2.5397E-02 0.00615
37 2.58 65E-02 0.00612
38 2.6359E-02 0.00609
39 2. 68 8 IE-02 0.00605
40 2.7433E-02 0.00602
41 2.8016E-02 0.00598
42 2.8632E-02 0.00594
43 2 . 9285E-02 0.00591
44 2.9976E-02 0.00587
45 3. 0708E-02 0.00583
46 3. 1484E-02 0.00578
47 3.2 307E-02 0.00574
48 3.3182E-02 0.00569
4 9 3.4112E-02 0.00565
50 3.5102E-02 0.00560
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Table 4.44 (continued)
DETECTOR TRANSMISSION ESD
RATIO TRANSMISSION
51 3 . 6156E-02 0.00555
52 3.7280E-02 0.00550
53 3.8482E-02 0.00545
54 3.9766E-02 0.00539
55 4.1142E-02 0.00534
56 4. 2619E-02 0.00528
57 4.4206E-02 0.00522
58 4.5915E-02 0.00515
59 4.7759E-02 0.00509
60 4.9754E-02 0.00502
61 5.1916E-02 0.00495
62 5 . 4266E-02 0.00488
63 5 . 6828E-02 0.00481
64 5.9629E-02 0.00473
65 6.2702E-02 0.00465
66 6. 6086E-02 0.00456
67 6.9829E-02 0.00447
68 7.3988E-02 0.00438
69 7.8 634E-02 0.00428
70 8.3855E-02 0.00418
71 8.9762E-02 0.00407
72 9. 6501E-02 0.00396
73 1. 0426E-01 0.00383
74 1.1331E-01 0.00370
75 1.2401E-01 0.00356
76 1.3692E-01 0.00340
77 1.5298E-01 0.00322
78 1.7407E-01 0.00300
79 2 . 0846E-01 0.00269
80 2.4037E-01 0.00246
81 2 . 7085E-01 0.00228
82 3.1100E-01 0.00207
83 3 . 6743E-01 0.00181
64 9.8199E-01 0.00003
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4.3.6 Detection of water increase in sporadic Alzheimer’s disease.
Studies on elemental com position o f  normal aging subjects and sporadic Alzheimer cases 
show  that the dry to fresh weight ratio is lower in Alzheimer cases than in the 'normals' by 
an amount which dependent upon the brain region studied and the duration o f  Alzheimer 
disease (A D ) (STE. 96). The reductions are 10% for the parietal lobe, 9% for temporal 
lobe, 5% for the frontal lobe, and not significantly different between normals and A D  for 
the occipital lobe (STE. 97). The division o f  the brain into different lobes is shown in Fig 
4.16.
The penetration o f  fast neutrons in the brain and high macroscopic cross section o f  
elemental com position o f  the water for neutrons provides a non destructive testing facility 
for the detection o f  the o f  water increase in the brain. The macroscopic cross section o f  
water for 100 groups o f  neutron energies w as calculated and is represented in table 4.45. 
Fig 4 .17  compares the results with the m acroscopic cross section o f  the mixture o f  the 
brain and blood. The Fig confirms that neutrons o f  energy 10’ eV  to  107eV  distinguish 
water from brain and blood.
The minimum detectable mass o f  water in brain was calculated for 100 neutron energy 
groups by using formula 2.15. For a small value o f  f=0.01 the minimum detectable 
masses o f  water in brain are presented in Fig 4 .18. The graph determines the optimum  
value o f  0.45 M eV  neutron energy for detection o f  6m g/g o f  water in brain. Since the 
relationship between minimum detectable mass and f  is linear, any desired value o f  f  would  
entail multiplication or deviation o f  our results by the appropriate factor. Therefore fast 
neutron transmission technique has the ability o f  measuring 0.6%  increase in water 
content at any point in the brain. This makes feasible detection o f  the water accretion in 
som e parts o f  the brain, at an early stage o f  the sporadic Alzheimer’s disease.
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TABLE (4.45) MEAN FREE PATH (M .F.P) A N D  
MACROSCOPIC CROSS SECTION(SIGT) 
OF NEUTRONS FOR W ATER
EN FR G Y (eV )
0.1492E+08 
0.1350E+08 
0.1221E+08 
0.U05E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827 E+07 
0.1653E+07 
0.1496E+07 
0.1353 E+07 
0.1225 E+07 
0.1108 E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06 
0.135 7 E+06
SIG T (cm -l)
0.2762E+00 
0.2698E+00 
0.2893E+00 
0.2494E+00 
0.2378E+00 
0.2483E+00 
0.2436E+00 
0.2513E+00 
0.2254E+00 
0.2898E+00 
0.2970E+00 
0.3000E+00 
0.3847E+00 
0.4950E+00 
0.5787E+00 
0.457 3E+00 
0.3181 E+00 
0.3178E+00 
0.2630E+00 
0.3806E+00 
0.5034E+00 
0.4659E+00 
0.5262E+00 
0.5766E+00 
0.8211 E+00 
0.6722E+00 
0.1038E+01 
0.1068E+01 
0.7175 E+00 
0.6982E+00 
0.7197E+00 
0.7551 E+00 
0.8110E+00 
0.9464E+00 
0.1664E+01 
0.2149E+01 
0.1222E+01 
0.1055E+01 
0.1029E+01 
0.1037E+01 
0.1057E+01 
0.1082E+01 
0.1110E+01 
0.1141E+01 
0.1173 E+01 
0.1205 E+01 
0.1238E+01 
0.1270E+01
M .F.P(cm)
0.3621E+01
0.3706E+01
0.3457E+01
0.4010E+01
0.4205E+01
0.4027E+01
0.4105 E+01
0.3979E+01
0.4437E+01
0.3451 E+01
0.3367E+01
0.3333E+01
0.2599E+01
0.2020E+01
0.1728E+01
0.2187 E+01
0.3144E+01
0.3147E+01
0.3802E+01
0.2627E+01
0.1986E+01
0.2146E+01
0.1900E+01
0.1734E+01
0.1218E+01
0.1488E+01
0.9634E+00
0.9363E+00
0.1394E+01
0.1432E+01
0.1389E+01
0.1324E+01
0.1233E+01
0.1057E+01
0.6010E+00
0.4653E+00
0.8183 E+00
0.9479E+00
0.9718 E+00
0.9643 E+00
0.9461 E+00
0.9242E+00
0.9009E+00
0.8764E+00
0.8525 E+00
0.8299E+00
0.8078 E+00
0.7874 E+00
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Table 4.45 (continued)
ENERG Y (eV ) S IG T (cm -l) M .F.P(cm)
0.1228E+06 
0.1111 E+06 
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183 E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171 E+05 
0.9119E+04 
0.7102E+04 
0.5531 E+04 
0.4308E+04 
0.3355E+04 
0.2613E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371 E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855E+01 
0.1445E+01 
0.1125 E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
0.1302E+01 
0.1357E+01 
0.1433E+01 
0.1504E+01 
0.1568E+01 
0.1625E+01 
0.1673E+01 
0.1714E+01 
0.1748E+01 
0.1776E+01 
0.1800E+01 
0.1818E+01 
0.1833E+01 
0.1846E+01 
0.1855E+01 
0.1862E+01 
0.1868E+01 
0.1873E+01 
0.1876E+01 
0.1879E+01 
0.1881 E+01 
0.1882E+01 
0.1883E+01 
0.1884E+01 
0.1885E+01 
0.1886E+01 
0.1887E+01 
0.1888E+01 
0.1889E+01 
0.1889E+01 
0.1889E+01 
0.1889E+01 
0.1889E+01 
0.1889E+01 
0.1889E+01 
0.1889E+01 
0.1890E+01 
0.1890E+01 
0.1890E+01 
0.1890E+01 
0.1890E+01 
0.1890E+01 
0.1891 E+01 
0.1891 E+01 
0.1891 E+01 
0.1891 E+01 
0.1892E+01 
0.1892E+01 
0.1893 E+01 
0.1893 E+01 
0.1894E+01 
0.3541 E+01
0.7680E+00 
0.7369E+00 
0.6978E+00 
0.6649E+00 
0.6378E+00 
0.6154E+00 
0.5977E+00 
0.5834E+00 
0.5721 E+00 
0.5631 E+00 
0.5556E+00 
0.5501 E+00 
0.5456E+00 
0.5417E+00 
0.5391 E+00 
0.5371 E+00 
0.5353E+00 
0.5339E+00 
0.5330E+00 
0.5322E+00 
0.5316E+00 
0.5313E+00 
0.5311 E+00 
0.5308E+00 
0.5305E+00 
0.5302E+00 
0.5299E+00 
0.5297E+00 
0.5294E+00 
0.5294E+00 
0.5294E+00 
0.5294E+00 
0.5294E+00 
0.5294E+00 
0.5294E+00 
0.5294E+00 
0.5291 E+00 
0.5291 E+00 
0.5291 E+00 
0.5291 E+00 
0.5291 E+00 
0.5291 E+00 
0.5288 E+00 
0.5288E+00 
0.5288E+00 
0.5288E+00 
0.5285E+00 
0.5285E+00 
0.5283E+00 
0.5283 E+00 
0.5280E+00 
0.2824E+00
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Fronial lobe
C e n tra l sulcus
Parietal lobe
T e m p o ra l lobe
Parietal-occipital
fissure
Occipital lobe
Cerebellum
Lateral fissure
Fig 4.16 Division o f the brain into frontal, occipital, parietal and temporal lobes
Fig 4.17 Comparison of the neutron m acroscopic cross section  
in water and mixture of brain and blood
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Fig 4.18 Minimum detectable mass of water in the brain of 
an Alzheimer’s patient for f=0.01
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4.4 Transmission of fast neutrons in industrial objects and detection of 
oil in engine
The ability o f  neutrons to  image hydrogen-containing materials such as plastic, rubbers, 
explosives, water and corrosion products has made neutron imaging an interesting non­
destructive evaluation tool for use in industrial activities. Older aircraft must be examined 
for hidden corrosion damage and fuel and fluid leakage, while newer aircraft are making 
increasing use o f  polymeric adhesive bonding and graphite com posite structural materials. 
Aircraft engine parts need to  be also inspected for the presence o f  solidified oil and grease 
in lubrication holes and passages(DO U. 83). This section is devoted to  the calculation o f  
neutron transmission through the bulk engine with thickness up to  400 mm. It also 
investigates the possibility o f  detecting oil in volum e engine compartments. The mean free 
paths and the macroscopic cross sections o f  fast neutrons from a U 235 fission source in 
lithium and carbon are calculated in this part. These are media which are used in industry 
and can be detected by fast neutrons.
Subsection 4.4.1 is to  simulate an object made o f  an A1 or an Iron with a passage o f  
lubricated oil at its centre. In subsection 4 .4 .2  w e  calculate the m acroscopic cross section, 
the mean free path and the transmission o f  fast neutrons in these media. The detectability 
o f  fast neutrons in the industrial object then will be discussed.
4.4.1 Simulation of a combustion engine with a passage of oil
Saturated lubricated oil has the formula CnH 2n+2i f ° r 20> n >15. The density o f  engine 
oil varies between 0.68 and 0 .72  g/cm 3 . Heptadicane lubricated oil with the chemical 
com position CH. (C H  ) CH. w hose molecular weight is 240.48 g  and density 0.783 Z ,iS 3
g/cm 3 was used for our calculations o f  this section (W EA. 90). The elemental 
com positions o f  oil and the abundance o f  its com ponents as calculated by using equation
3.4  are presented in table 4.46.
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Table 4.46 The elemental composition o f oil
Element Proportion 
(percentage by weight)
Abundance 
(atom /1024cm3)
H 0.1509 0.070174
C 0.8490 0.033164
A  combustion engine is typically made up o f  aluminum with 2 .702  g/cm 3 density. It is 
about 200mm wide with passages o f  6 mm diameter o f  oil (STO. 90). To measure the 
detectability o f  lubricated oil in a combustion engine by transmitted neutrons, a 200m m  
diameter sphere o f  aluminium with a spherical hole o f  3 mm diameter filled with oil at its 
centre w as considered. The simulated object w as assumed to be at 500 mm distance from  
a point source o f  fast neutrons. Table 4 .47  gives the data for the object under the exposure 
to the neutron beam. The position and orientation o f  the bodies are provided in table 4.48. 
The details o f  input zone and the matrix o f  each zone are given in table 4.49.
Using an iron instead o f  an Al object same procedure w as curried out to investigate the 
transparency o f  the iron parts o f  the engine to fast neutrons.
4.4.2 Transmission of fast neutrons through an Al combustion engine
The macroscopic cross section, mean free path and transmission o f  neutrons in the engine 
parts (Al and oil) are analysed as a function o f  energy. The output o f  macroscopic cross 
sections and the results for the mean free paths as a function o f  energy for oil and 
aluminum are displayed in tables 4 .50  and 4.51. W e present the values in these tables as X 
versus energy in Fig 4 .19  and as a mean free path versus energy in Fig 4 .19a to compare 
the values for Al and oil. Engine oil is found to give a much higher macroscopic cross 
section value compared to that o f  the aluminium. This is because o f  the concentrations o f
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carbon and hydrogen in oil which are among the m ost effective fast neutron absorber 
elements. The remarkable difference between the macroscopic cross sections o f  oil and 
aluminum and the transparency o f  A1 for fast neutrons ensures the feasibility o f  detecting a 
very thin passage o f  oil in a very bulky aluminum object like in an engine.
The results for m acroscopic cross section and mean free path o f  fast neutrons in iron are 
given in table 4.52. These values have been compared to those o f  both engine oil and A1 
in Fig s 4 .20  and 4.20a. The Figs display considerable difference between the cross 
section o f  oil and iron. Therefore engine oil can be detected in an iron engine by the fast 
neutron transmission technique. The comparison also indicates that iron has a higher 
m acroscopic cross section than aluminum for energies less than 5 M eV. Consequently A1 
is detectable in iron only by fast neutrons o f  energies less than 5 M eV.
The m acroscopic cross sections and mean free paths o f  lithium and carbon have also been 
calculated and presented in appendix 2. These are som e materials o f  interest to industry 
which can be detected in industrial objects by fast neutrons. The m acroscopic cross 
sections and mean free paths as a function o f  energy are also displayed in this appendix.
The transmission ratio o f  fast neutrons through a combustion engine was calculated as a 
function o f  energy. The ratio for the total number o f  transmitted neutrons at each detector 
position and the fractional standard deviations are represented in table 4 .53 . The position  
o f  the detectors is given in table 4.53a. The raysum tangent to the exterior o f  the oil 
passage, shown in Fig 4 .21 , was detected at 1.8 mm from centre o f  the detection plane 
which is between detector no. 2 and 3. The procedure to obtain the position is given in Fig 
4.1. For a fast neutron point source, it is at 50  cm distance from the centre o f  the engine 
assuming a U 235 fission spectrum. The transmission ratio at 2  detectors before and after 
the separation layer are 3.1+0.05% , 3.1±0.05% , 3.210.05%  and 3.2±0.05%  respectively. 
Although the total number o f  neutrons is low  due to the thickness o f  the object, the results 
indicate a moderate contrast o f  2  for detection o f  3mm oil passage in 200  mm A1 engine.
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The contrast was obtained by using formula (4 .1) and for initial neutron intensity o f  50000  
n/cm2. The calculations are repeated to obtain penetration o f  fast neutrons in 400m m  A1 
with a passage o f  6mm diameter o f  oil at its centre. The ratios o f  the transmitted to the 
incident neutrons are presented in table 4 .54  while the positions o f  the detectors are given  
in table 4.54a. Oil is clearly distinguished from A1 up to detector 5 from the centre o f  Al. 
This is because neutron tangent to the boarder o f  oil and A l is detected at 3.6m m  from the 
detector at the centre. The penetration o f  fast neutrons in A l and Fe and a high value o f  
the m acroscopic cross section o f  the engine oil for fast neutrons provides the basis for non 
destructive testing facility for the detection o f  any blockage in the oil passage o f  a bulk 
engine or engine parts.
The minimum detectable masses o f  oil in aluminium and iron by transmitted fast neutrons 
are calculated ( for f=0.01). The results are presented and compared in Fig 4.22. The 
graphs indicate the optimum neutron energy o f  23 keV  for the detection o f  0.1 m g/g o f  oil 
in Al and Fe. One also observes that the minimum detectable mass o f  oil in Fe is lower 
than Al. H ow ever since A l has low er fast neutron macroscopic cross section than Fe (Fig 
4.20), o il is detectable in bigger A l objects than iron ones.
Table 4.47 Input data for cross section m odule for 
combustion engine with an o il passage
Media Element Medium
number
Element
number
Element abundance 
(atom per 10'24cm3)
Oil H 1 1 0 .070174
i i C 1 -2 0.033164
Aluminium Al 2 -5 0 .060386  !
Air N 3 3 0 .000044
£t O 3 -4 0 .000010
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Table 4.48 The location and orientation o f  the bodies for engine and engine oil
N O Body Data defining particular boc y(cm)
1 RCC 0.0 0.0 I H-
* O o 0 .0 0.0 20.0
1 SPH 0.15
2 SPH 0.0 0.0 0.0 10.0
5 RPP -250.0 250.0 -250.0 250.0 -250.0 250.0
6 RPP -300.0 300.0 -300 .0 300.0 -300.0 300.0
7 RPP -1300.0 1300.0 -1300.0 1300.0 -1300.0 1300.0
Table 4 .49  Specification o f  the input zones and medium o f  each zone for detection o f
engine oil in engine
M edia Definition o f  each zone by the body number
Oil +1 ‘
Al +2 -1
Air +3 -2
Null +4 -3
Out +5 -4
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TABLE. 4.50 MEAN FREE PATH (M .F.P) AND M ACROSCOPIC CROSS
SECTION (SIGT) OF NEUTRO NS FOR OIL
ENERG Y (eV )
0.1492E+08 
(U350E+08 
0.1221E+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3337E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06 
0.1357 E+06 
0.1228E+06
SIG T (cm -l)
0.9297E-01
0.9936E-01
0.1059E+00
0.1062E+00
0.1129E+00
0.1158E+00
0.1480E+00
0.1228E+00
0.1401 E+00
0.1435E+00
0.1551 E+00
0.1710E+00
0.1975E+00
0.2133E+00
0.2367E+00
0.2212E+00
0.2449E+00
0.2371 E+00
0.2464E+00
0.2679E+00
0.2745E+00
0.2913E+00
0.3086E+00
0.3266E+00
0.3450E+00
0.3642E+00
0.3843E+00
0.4049E+00
0.4265E+00
0.4488E+00
0.4722E+00
0.4965E+00
0.5212E+00
0.5469E+00
0.5737E+00
0.6014 E+00
0.6302E+00
0.6601 E+00
0.6908E+00
0.7220E+00
0.7537E+00
0.7860E+00
0.8190E+00
0.8527E+00
0.8871 E+00
0.9216E+00
0.9559E+00
0.9897E+00
0.1023 E+01
M .F.P(cm)
0.1076E+02 
0.1006E+02 
0.9443E+01 
0.9416E+01 
0.8857E+01 
0.8636E+01 
0.6757E+01 
0.8143E+01 
0.7138E+01 
0.6969E+01 
0.6447E+01 
0.5848E+01 
0.5063 E+01 
0.4688E+01 
0.4225E+01 
0.4521 E+01 
0.4083E+01 
0.4218E+01 
0.4058E+01 
0.3733E+01 
0.3643E+01 
0.3433 E+01 
0.3240E+01 
0.3062E+01 
0.2899E+01 
0.2746E+01 
0.2602E+01 
0.2470E+01 
0.2345E+01 
0.2228E+01 
0.2118E+01 
0.2014E+01 
0.1919E+01 
0.1828E+01 
0.1743E+01 
0.1663E+01 
0.1587E+01 
0.1515E+01 
0.1448E+01 
0.1385E+01 
0.1327E+01 
0.1272E+01 
0.1221 E+01 
0.1173E+01 
0.1127 E+01 
0.1085E+01 
0.1046E+01 
0.1010E+01 
0.9775 E+00
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Table 4.50 (continued)
ENERG Y(eV )
0.1111 E+06 
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183 E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171 E+05 
0.9119E+04 
0.7102 E+04 
0.5531 E+04 
0.4308E+04 
0.3355E+04 
0.2613E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371 E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855 E+01 
0.1445E+01 
0.1125E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
SIG T (cm -l)
0.1082E+01 
0.1161E+01 
0.1236E+01 
0.1303E+01 
0.1364E+01 
0.1415E+01 
0.1459E+01 
0.1496E+01 
0.1525E+01 
0.1551 E+01 
0.1570E+01 
0.1586E+01 
0.1599E+01 
0.1609E+01 
0.1617E+01 
0.1624E+01 
0.1628E+01 
0.1632E+01 
0.1635E+01 
0.1637E+01 
0.1638E+01 
0.1639E+01 
0.1640E+01 
0.1641 E+01 
0.1642E+01 
0.1643E+01 
0.1644E+01 
0.1645E+01 
0.1646E+01 
0.1646E+01 
0.1646E+01 
0.1646E+01 
0.1646E+01 
0.1646E+01 
0.1646E+01 
0.1646E+01 
0.1647E+01 
0.1647E+01 
0.1647E+01 
0.1647E+01 
0.1647E+01 
0.1647E+01 
0.1648E+01 
0.1648E+01 
0.1648E+01 
0.1649E+01 
0.1649E+01 
0.1650E+01 
0.1650E+01 
0.1651 E+01 
0.3446E+01
M .F.P(cm)
0.9242E+00 
0.8613E+00 
0.8091 E+00 
0.7675 E+00 
0.7331 E+00 
0.7067E+00 
0.6854E+00 
0.6684E+00 
0.6557E+00 
0.6447E+00 
0.6369E+00 
0.6305 E+00 
0.6254E+00 
0.6215 E+00 
0.6184 E+00 
0.6158 E+00 
0.6143E+00 
0.6127E+00 
0.6116E+00 
0.6109E+00 
0.6105 E+00 
0.6101 E+00 
0.6098E+00 
0.6094E+00 
0.6090E+00 
0.6086E+00 
0.6083E+00 
0.6079E+00 
0.6075 E+00 
0.6075E+00 
0.6075E+00 
0.6075 E+00 
0.6075E+00 
0.6075E+00 
0.6075E+00 
0.6075E+00 
0.6072E+00 
0.6072E+00 
0.6072E+00 
0.6072E+00 
0.6072E+00 
0.6072E+00 
0.6068E+00 
0.6068E+00 
0.6068E+00 
0.6064E+00 
0.6064E+00 
0.6061 E+00 
0.6061 E+00 
0.6057E+00 
0.2902E+00
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TABLE. 4.51 MEAN FREE PATH (M.F.P) AND M ACROSCOPIC CROSS
SECTION (SIGT) OF NEUTRONS FOR ALUM IN IUM
EN ERG Y (eV )
0.1492E+08 
0.1350E+08 
0.122IE+08 
0.1105E+08 
0.1000E+08 
0.9048E+07 
0.8187E+07 
0.7408E+07 
0.6703E+07 
0.6065E+07 
0.5488E+07 
0.4966E+07 
0.4493E+07 
0.4066E+07 
0.3679E+07 
0.3329E+07 
0.3012E+07 
0.2725E+07 
0.2466E+07 
0.2231 E+07 
0.2019E+07 
0.1827E+07 
0.1653E+07 
0.1496E+07 
0.1353E+07 
0.1225E+07 
0.1108E+07 
0.1003E+07 
0.9072E+06 
0.8209E+06 
0.7427E+06 
0.6721 E+06 
0.6081 E+06 
0.5502E+06 
0.4979E+06 
0.4505E+06 
0.4076E+06 
0.3688E+06 
0.3 337 E+06 
0.3020E+06 
0.2732E+06 
0.2472E+06 
0.2237E+06 
0.2024E+06 
0.1832E+06 
0.1657E+06 
0.1500E+06 
0.1357 E+06 
0.1228E+06
SIG T (cm -l)
0.1053E+00 
0.1046E+00 
0.1050E+00 
0.1025E+00 
0.1035E+00 
0.1055E+00 
0.1103 E+00 
0.1148E+00 
0.1215E+00 
0.1250E+00 
0.1306E+00 
0.1315E+00 
0.1367E+00 
0.1465E+00 
0.1521 E+00 
0.1497E+00 
0.1618E+00 
0.1957E+00 
0.1660E+00 
0.1906E+00 
0.1756E+00 
0.1794E+00 
0.1825E+00 
0.1898E+00 
0.1799E+00 
0.2315E+00 
0.1775E+00 
0.1751 E+00 
0.2414E+00 
0.2776E+00 
0.1896E+00 
0.2426E+00 
0.2303E+00 
0.2430E+00 
0.2412E+00 
0.2938E+00 
0.2013E+00 
0.1926E+00 
0.2454E+00 
0.2933E+00 
0.1235E+00 
0.2032E+00 
0.3312E+00 
0.2212E+00 
0.2563E+00 
0.5664E+00 
0.5403E+00 
0.1246E+00 
0.2785E+00
M .F.P(cm)
0.9497E+01 
0.9560E+01 
0.9524E+01 
0.9756E+01 
0.9662E+01 
0.9479E+01 
0.9066E+01 
0.8711 E+01 
0.8230E+01 
0.8000E+01 
0.7657E+01 
0.7605E+01 
0.7315E+01 
0.6826E+01 
0.6575E+01 
0.6680E+01 
0.6180E+01 
0.5110E+01 
0.6024E+01 
0.5247E+01 
0.5695E+01 
0.5574E+01 
0.5479E+01 
0.5269E+01 
0.5559E+01 
0.4320E+01 
0.5634E+01 
0.5711 E+01 
0.4143E+01 
0.3602E+01 
0.5274E+01 
0.4122E+01 
0.4342E+01 
0.4115E+01 
0.4146E+01 
0.3404E+01 
0.4968E+01 
0.5192E+01 
0.4075E+01 
0.3409E+01 
0.8097E+01 
0.4921 E+01 
0.3019E+01 
0.4521 E+01 
0.3902E+01 
0.1766E+01 
0.1851 E+01 
0.8026E+01 
0.3591 E+01
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Table 4.51 (continued)
ENERG Y(eV ) ( SIG T (cm -l) M .F.P(cm)
0.1111 E+06 0.5110E+00 0.1957E+01
0.8652E+05 0.3473E+00 0.2879E+01
0.6738E+05 0.1107E+00 0.9033E+01
0.5248E+05 0.2088E+00 0.4789E+01
0.4087E+05 0.1032E+01 0.9690E+00
0.3183E+05 0.7945E-01 0.1259E+02
0.2479E+05 0.4313E-01 0.2319 E+02
0.1930E+05 0.5609E-01 0.1783E+02
0.1504E+05 0.7159E-01 0.1397E+02
0.1171 E+05 0.7664E-01 0.1305E+02
0.9119E+04 0.7978E-01 0.1253E+02
0.7102E+04 0.1624E+00 0.6158 E+01
0.5531E+04 0.8102E-01 0.1234E+02
0.4308E+04 0.8025E-01 0.1246E+02
0.3355E+04 0.8118E-01 0.1232E+02
0.2613 E+04 0.8128E-01 0.1230E+02
0.2035E+04 0.8130E-01 0.1230E+02
0.1585E+04 0.8132E-01 0.1230E+02
0.1234E+04 0.8134E-01 0.1229E+02
0.9611E+03 0.8135E-01 0.1229E+02
0.7485E+03 0.8136E-01 0.1229E+02
0.5830E+03 0.8137E-01 0.1229E+02
0.4540E+03 0.8139E-01 0.1229E+02
0.3536E+03 0.8140E-01 0.1229E+02
0.2754E+03 0.8141 E-01 0.1228E+02
0.2145E+03 0.8142E-01 0.1228E+02
0.1670E+03 0.8144E-01 0.1228E+02
0.1301E+03 0.8145E-01 0.1228E+02
0.1013E+03 0.8148E-01 0.1227E+02
0.7890E+02 0.8151 E-01 0.1227E+02
0.6145E+02 0.8154E-01 0.1226E+02
0.4785E+02 0.8159 E-01 0.1226E+02
0.3727E+02 0.8163E-01 0.1225 E+02
0.2902E+02 0.8168E-01 0.1224E+02
0.2260E+02 0.8174E-01 0.1223E+02
0.1760E+02 0.8181 E-01 0.1222E+02
0.1371 E+02 0.8188E-01 0.1221 E+02
0.1068E+02 0.8197E-01 0.1220E+02
0.8316E+01 0.8206E-01 0.1219E+02
0.6476E+01 0.8217E-01 0.1217E+02
0.5044E+01 0.8229E-01 0.1215E+02
0.3928E+01 0.8243E-01 0.1213E+02
0.3059 E+01 0.8259E-01 0.1211 E+02
0.2382E+01 0.8277E-01 0.1208E+02
0.1855 E+01 0.8297E-01 0.1205E+02
0.1445E+01 0.8320E-01 0.1202E+02
0.1125 E+01 0.8346E-01 0.1198E+02
0.8765E+00 0.8376E-01 0.1194 E+02
0.6826E+00 0.8410E-01 0.1189E+02
0.5316E+00 0.8448E-01 0.1184 E+02
0.4140E+00 0.8880E-01 0.1126 E+02
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Fig 4.19 Comparison of the attenuation of neutrons
in aluminium combustion engine and engine oil
Fig 4 .19a Comparison of mean free path of neutrons in 
engine oil and aluminium combustion engine
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TABLE 4.52 MEAN FREE PATH (M.F.P) AND M ACROSCOPIC CROSS
SECTION(SIGT) OF NEUTRO NS FOR IRON
ENERG Y(eV) SIG T (cm -l) M .F.P(cm )
0.1492E+08 0.2167E+00 0.4615E+01
0.1350E+08 0.2282E+00 0.4382E+01
0.1221E+08 0.2418E+00 0.4136E+01
0.1105E+08 0.2563E+00 0.3902E+01
0.1000E+08 0.2707E+00 0.3694E+01
0.9048E+07 0.2823E+00 0.3542E+01
0.8187E+07 0.2943 E+00 0.3398E+01
0.7408E+07 0.3037E+00 0.3293E+01
0.6703E+07 0.3087E+00 0.3239E+01
0.6065E+07 0.3114 E+00 0.3211 E+01
0.5488E+07 0.3128E+00 0.3197E+01
0.4966E+07 0.3159E+00 0.3166E+01
0.4493E+07 0.3110E+00 0.3215E+01
0.4066E+07 0.3046E+00 0.3283E+01
0.3679E+07 0.2888E+00 0.3463E+01
0.3329E+07 0.2931 E+00 0.3412E+01
0.3012E+07 0.2817E+00 0.3550E+01
0.2725 E+07 0.2989E+00 0.3346E+01
0.2466E+07 0.2652E+00 0.3771 E+01
0.2231 E+07 0.2746E+00 0.3642E+01
0.2019E+07 0.2604E+00 0.3840E+01
0.1827E+07 0.2295E+00 0.4357E+01
0.1653E+07 0.2668E+00 0.3748E+01
0.1496E+07 0.2497E+00 0.4005E+01
0.1353E+07 0.2641 E+00 0.3786E+01
0.1225E+07 0.2021 E+00 0.4948E+01
0.1108E+07 0.2239E+00 0.4466E+01
0.1003E+07 0.1979E+00 0.5053E+01
0.9072E+06 0.2316E+00 0.4318E+01
0.8209E+06 0.3399E+00 0.2942E+01
0.7427E+06 0.2706E+00 0.3695E+01
0.6721 E+06 0.1698E+00 0.5889E+01
0.6081 E+06 0.2232E+00 0.4480E+01
0.5502E+06 0.2785E+00 0.3591E+01
0.4979E+06 0.2815E+00 0.3552E+01
0.4505E+06 0.3954E+00 0.2529E+01
0.4076E+06 0.3712E+00 0.2694E+01
0.3688E+06 0.2515E+00 0.3976E+01
0.3337E+06 0.2752E+00 0.3634E+01
0.3020E+06 0.2966E+00 0.3372E+01
0.2732E+06 0.2005E+00 0.4988E+01
0.2472E+06 0.2794E+00 0.3579E+01
0.223 7 E+06 0.3192E+00 0.3133E+01
0.2024E+06 0.5669E+00 0.1764E+01
0.1832E+06 0.2813 E+00 0.3 555 E+01
0.1657E+06 0.2571 E+00 0.3890E+01
0.1500E+06 0.5838E+00 0.1713E+01
0.1357E+06 0.2588E+00 0.3864E+01
0.1228E+06 0.2300E+00 0.4348 E+01
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Table 4.52 (continued)
ENERG Y(eV)
0.1111E+06 
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171E+05 
0.9119E+04 
0.7102E+04 
0.5531 E+04 
0.4308E+04 
0.3355 E+04 
0.2613 E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855E+01 
0.1445 E+01 
0.1125 E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
SIG T (l/cm )
0.3830E+00
0.5668E+00
0.3557E+00
0.4377E+00
0.7210E+00
0.2616E+01
0.7952E+01
0.1735E+00
0.2687E+00
0.4372E+00
0.1345E+01
0.7485E+00
0.4793E+00
0.5829E+00
0.5661 E+00
0.6269E+00
0.6873E+00
0.7430E+00
0.8622E+00
0.8034E+00
0.8488E+00
0.8844E+00
0.9123 E+00
0.9335E+00
0.9488E+00
0.9585E+00
0.9654E+00
0.9688E+00
0.9702E+00
0.9709E+00
0.9714E+00
0.9721 E+00
0.9727E+00
0.9736E+00
0.9744E+00
0.9755E+00
0.9766E+00
0.9780E+00
0.9794E+00
0.9811 E+00
0.9831 E+00
0.9853E+00
0.9878E+00
0.9905E+00
0.9937E+00
0.9973 E+00
0.1001 E+01
0.1006E+01
0.1011E+01
Q.1017E+01
0.1084E+01
M .F.P(cm )
0.2611 E+01 
0.1764E+01 
0.2811 E+01 
0.2285E+01 
0.1387E+01 
0.3823E+00 
0.1258E+02 
0.5764E+01 
0.3722E+01 
0.2287E+01 
0.7435E+00 
0.1336E+01 
0.2086E+01 
0.1716E+01 
0.1766E+01 
0.1595E+01 
0.1455E+01 
0.1346E+01 
0.1160E+01 
0.1245E+01 
0.1178E+01 
0.1131 E+01 
0.1096E+01 
0.1071 E+01 
0.1054E+01 
0.1043E+01 
0.1036E+01 
0.1032E+01 
0.1031E+01 
0.1030E+01 
0.1029E+01 
0.1029E+01 
0.1028E+01 
0.1027E+01 
0.1026E+01 
0.1025 E+01 
0.1024E+01 
0.1022E+01 
0.1021 E+01 
0.1019E+01 
0.1017E+01 
0.1015E+01 
0.1012E+01 
0.1010E+01 
0.1006E+01 
0.1003 E+01 
0.9990E+00 
0.9940E+00 
0.9891 E+00 
0.9833E+00 
0.9225 E+00
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Fig 4.20 Comparison of the attenuation of neutrons in
engine oil, aluminium and iron
Fig 4.20a Comparison of mean free path of neutrons in 
engine oil, aluminium and iron
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Table 4.53 Neutron transmission ratio in 20 cm thick 
engine with 3 mm passage of engine oil
DETECTOR UNCOL FSD
RESPONSE UNCOL
1 3.1089E-02 0.00056
2 3.1313E—02 0.00056
3 3.2502E-02 0.00056
4 3.2520E-02 0.00056
5 3.2544E—02 0.00056
6 3.257 6E-02 0.00056
7 3.2615E—02 0.00056
8 3.2661E-02 0.00056
9 3.2715E-02 0.00056
10 3.2775E-02 0.00056
11 3.2843E-02 0.00056
12 3.2918E-02 0.00056
13 4.3690E-02 0.00051
14 1.3618E-01 0.00032
Table 4.53a position of detectors for neutron transmission
Y z
0.0 0.0E+1
0.1 0.0E+1
0.2 0.0E+1
0.3 0.0E+1
0.4 0.0E+1
0.5 0.0E+1
0.6 0.0E+1
0.7 0.0E+1
0.8 0.0E+1
0.9 0.0E+1
1.0 0.0E+1
1.1 0.0E+1
5.1 0.0E+1
10.1 0.0E+1
calculatic 
Detector X
1 - 10.0
2 - 10.0
3 - 10.0
4 -10 . 0
5 - 10.0
6 - 10.0
7 - 10.0
8 - 10.0
9 -10.0
10 - 10.0
11 - 10.0
12 - 10.0
13 -10.0
14 -10.0
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Table 4.54 Neutron transmission ratio and its fractional 
standard deviation in 40 cm thick engine with 6mm passage 
of engine oil for each detector position
1
2
3
4
5
6
7
8 
9
10
11
12
13
14
RESPONSE UNCOL
1.6045E-03 0 .00057
1.6092E-03 0.00057
1.6246E-03 0.000591.6568E-03 0.00063
1.7401E-03 0.00078
1.8193E-03 0.00095
1. 8200E-03 0 .00095
1.8208E-03 0.00095
1.8217E-03 0 .000951.8227E-03 0.00095
1.8239E-03 0.00095
1.8252E-03 0.00095
1.9841E-03 0.00091
2.5806E-03 0 .00078
Table 4.54a position of detectors for neutron transmission
calculations
Detector X Y
1 -20.0 0.02 -20.0 0.13 -20.0 0.24 -20.0 0.35 -20.0 0.46 -20.0 0.57 -20.0 0.68 -20.0 0.79 -20.0 0.810 -20.0 0.911 -20.0 1.012 -20.0 1.113 -20 . 0 5.114 -20.0 10 .1
0 . OE+1  
0 . OE + 1  
0 . OE+1  
0 . OE+1  
0 . OE + 1  
O . O E + l  
0 . OE + 1  
0 . O E + 1  
0 . OE + 1  
0 . OE+1  
0 . 0 E + 1  
0 . OE+ 1  
0 . OE+1  
O . O E + l
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Neutron transmission ratio 
at the detectors position with the 
number for each detector
Neutron beam
Fig 4.21 Diagrammatic representation o f the transmission o f neutrons through 
a cross section o f  2(X)mm thick aluminium made combustion  
engine with 3 mm passage o f oil at its centre
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Fig. 4 .22 Comparison of minimum detectable mass of engine oil 
in Al combustion engine and iron engine
Neutron energy (eV)
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4.5 Conclusion
Fast neutron interaction properties o f  som e biological and industrial objects sensitive to  
neutrons w ere investigated and the consequences are as follows.
Red bone marrow and yellow  bone marrow exhibited almost the same macroscopic cross 
section for fast neutrons. B one had the highest m acroscopic cross section compared to 
that o f  both red bone marrow and yellow  bone marrow. The m acroscopic cross section o f  
bone has maximum values for energies betw een 0.1 M eV  to 0.4 M eV  because o f  the 
presence o f  calcium in bone. M acroscopic cross sections o f  bone and bone marrow have 
maximum values for energies greater than IM eV  because o f  the amount o f  oxygen and 
nitrogen found in both materials. Therefore the neutron spectrum o f  transmitted fast 
neutrons o f  a U 235 fission source obtained by the M ORSE code, can specify the 
concentration o f  0 ,  Ca, or N  elements in bone or bone marrow. The analytical results o f  
the ratio o f  transmitted neutrons in bone and bone marrow detected bone marrow in bone 
with a significant contrast o f  5 and confirmed the above analyses and argument.
Compared to both bone and bone marrow, tissue exhibited the low est macroscopic cross 
section values for fast neutrons. The analytical results for the transmission o f  fast 
neutrons in tissue, bone and bone marrow differentiated bone marrow in bone and tissue 
with an excellent contrast o f  14.6 for bone in tissue and 3.5 for bone marrow in bone.
Trace elements o f  Zn, Cu and N i have a higher concentration in a cancerous bone marrow 
than in a normal one (SCH. 93). Calculations using the fast neutron transmission technique 
established that these elements are not convenient for detection in bone marrow due to  the 
fact they have lower concentrations and smaller m icroscopic cross sections than those o f  
the other elemental com position o f  bone marrow. The minimum detectable masses o f  
these elements in bone marrow are not less than lOmg/g that are higher than the 
concentration o f  these elements in cancerous bone marrow (less than 0.00043 mmol/g).
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The minimum detectable m asses o f  calcium and phosphor in bone are both 10 mg/g. The 
optimum neutron energies for Ca are (0 .12 ,0 .16 , 0.18, 0 .82 and 1.18)M eV  while for 
phosphorous it is 0.14M eV . It is therefore possible to measure the ratio o f  Ca/P in bone, 
which is important for the metabolism o f  the bone by the neutron transmission technique. 
Trace elements o f  F and N a are also detectable by this technique. The other trace elements 
o f  the bone have concentrations less than lOmg/g, and hence can not be detected by this 
method.
Our analyses o f  the transmission o f  neutrons in brain and skull concluded that unlike 
tissue, which have a much lower m acroscopic cross section than bone, the value for the 
macroscopic cross sections o f  brain tissue are more than those for skull. Consequently the 
penetration o f  fast neutrons in skull can detect brain tissue and possible deficiencies in its 
composition. There is a sharp difference between the macroscopic cross sections o f  skull 
and brain for energies less than 0.5 M eV . It stem s from the higher concentration o f  N  and 
H  in the brain. The macroscopic cross sections o f  brain and skull have maximum values 
for energies 0.45 M eV , 1 M eV  and 2 .5M eV  which reflect the concentration o f  O. The 
maximum values for brain are higher than those for skull. Som e small peaks in the 
macroscopic cross sections o f  the skull for energies between 0 .1- 0 .4  M eV  show  the 
presence o f  Ca in the skull. The comparison o f  the analytical results for the macroscopic 
cross sections o f  the bone and the skull confirms that the concentration o f  Ca in the bone 
is more than that in the skull. Analytical results for the ratio o f  transmitted fast neutrons 
through the skull and the mixture o f  the brain and blood distinguished skull from the brain 
tissue with an excellent contrast o f  14.5. The fraction o f  standard deviations at the 
position o f  the detectors at the central parts o f  the brain were too  high because o f  the 
low  number o f  neutrons resulting from the attenuation o f  neutrons through the thickest 
part o f  the brain. The values for ratio o f  transmission o f  neutrons from side to the centre 
o f  the skull and brain varied from 0 .36596± 0 .00182 to  0 .019014+0.00700 as shown in 
table 4 .33. Results were obtained for a flux o f  only 50000 n.cm“2 .s“  ^ The flux o f  10^ 
n .cnr2 -s“l produces an acceptable standard deviation but needs more computing time.
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The analytical results o f  the measured elemental com positions in normal human brain and 
brain tumor tissues show that concentrations o f  Ca, Fe, Cu, Zn, Se, Mn, Br and Sc trace 
elements are significantly higher in brain tumor tissue than in brain tissue (GUI. 91). The 
analytical results showed, as expected, the same m acroscopic cross section for brain tumor 
as that o f  the brain tissue. The output o f  the ratio o f  fast neutron transmission in a 
simulated malignant brain tissue did not distinguish brain tumor from brain tissue.
The success o f  the treatment o f  brain tumor by boron neutron capture therapy depends on 
the tumor location, boron concentration (in the tumor and the brain tissue) and neutron 
(fluence and energy). Our results indicated that the injected brain tumor has almost the 
same macroscopic cross section as that o f  the injected brain for the fast neutrons o f  a 
U 235 fission neutron source.. The analytical results confirmed the slightly lower fast 
neutron macroscopic cross section for boron compared to  the values for both brain and 
tumor. The minimum detectable mass o f  boron by fast neutrons o f  more than 104 eV  
energy is not less than lOmg/g. It follow s that boron o f  the injected brain and tumor with  
concentration o f  pg/g  can not be detected by transmitted fast neutrons. Our calculations o f  
the fast neutron transmission confirmed this conclusion. H ow ever in thin objects boron is 
detectable by thermal neutrons with excellent resolution, but thermal neutrons cannot 
penetrate in the thickness o f  the brain. Therefore if  one starts with fast neutrons the 
output o f  numerous counters in M ORSE permits the calculation o f  scattered neutrons as 
a function o f  energy at any position o f  the brain. The technique can determine the 
optimum neutron energy which can be thermalised at tumor position for neutron therapy. 
H ow ever the optimum energy depends on the position o f  the tumor. Then the M ORSE  
can be modified to analyse the optimum neutron energy for brain tumor neutron therapy 
and also to  detect the position o f  the tumor by neutron absorption and prompt gamma ray 
emission measurements.
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The dry to fresh weight ratio o f  the aged Alzheimer patients are reduced up to 10% in 
som e part o f  their brain (STE. 97). The minimum detectable mass o f  water in brain was 
calculated and is 0.6 m g/g by neutrons o f  0 .4 M eV , for a m odest value o f  detectability o f  
f=0.01. Accordingly fast neutrons transmission method can detect the addition o f  the 
water in the brain at an early stage o f  disease.
The detection o f  engine oil in a combustion engine by the fast neutron transmission 
technique was also explored as an industrial application o f  the fast neutron transmission 
technique. Engine oil exhibited, as predicted, with much higher m acroscopic cross section  
values than that o f  the aluminum engine body. Consequently the remarkable difference 
for macroscopic cross section o f  oil and aluminum as well as the transparency o f  Al for 
fast neutrons make the fast neutron transmission technique an excellent method for the 
detection o f  any thin passage o f  oil in a volum inous aluminium engine. Analytical results 
for the ratio o f  the transmitted fast neutrons through 20 cm volum e o f  a typical 
combustion engine indicated a remarkable change in ratio o f  the transmitted neutron due 
to  the existence o f  the 3mm diameter o f  the oil passage. The intensity through the engine 
with 3 passage o f  oil was 0 .4  times less than the intensity without the oil. W e will use this 
data to  produce a simulated tomographic image o f  the oil in engine in chapter 6.
The results for the fast neutron interaction properties o f  the iron engine showed  
considerable difference between the m acroscopic cross section o f  oil and iron. Therefore 
engine oil can also be detected in an iron engine by the fast neutron transmission 
technique. Calculations for comparing the transmission o f  neutrons in iron and aluminium 
part o f  the engine produced no considerable different between their macroscopic cross 
sections for neutron energies from 5 to 7 M eV. For energies less than 5 M eV , the values 
for iron were found to be higher than aluminium. One concludes that Al can not be 
detected in iron by fast neutrons.
190
The variations o f  the minimum detectable masses o f  A1 and Fe with energy determined an 
optimum value o f  23 keV  for neutron energy this corresponds to a deteectability o f  0.1 
m g/g o f  oil in iron and in aluminium seperately. The minimum detectable mass o f  oil an in 
iron object is less than in an aluminium one. B y contrast, aluminium has a lower fast 
neutron macroscopic cross section than iron for neutron energy range o f  2 x l0 4 to  107eV  
due to its lower density and hence oil is detectable in bigger aluminium objects than in iron 
one.
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Chapter 5
Fast neutron detectors
5.1 introduction
From the results o f  elemental analysis using neutrons in transmission in chapter 2 fast 
neutron beams were selected to be used for simulation neutron transmission tomography. 
The main reason is their ability to penetrate bulk objects which allows the possibility o f  
large sample inspection for industrial (o f  40cm  thickness) and biological (o f 16cm  
thickness) applications. Calculation o f  transmitted neutrons by M onte Carlo technique in 
the previous chapter produces the input data for simulation tomography.
In practice fast neutron detectors are needed to measure the transmitted neutrons which 
have traversed the object This chapter will be a general study o f  the principles o f  neutron 
detection, and the feasibility o f  using fast neutron detectors. The purpose is to exam ine the 
objective through further theoretical investigation in the follow ing chapter whether fast 
neutron tomography can be applied in medical and industrial applications.
Neutrons need to produce som e easily detectable secondary radiation such as charge 
particles or light, as they have no significant directly recorded effect themselves. The 
general principles o f  three types o f  neutron converters : proportional counter, solid state 
as well as light emitting converters are reviewed in sections 5 .2-5 .4 . For registering and 
displaying the secondary radiation distribution several methods have been developed:
• photo sensitive film ,
• track-etch imaging,
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• electronic im age intensifiers o f  several types, and
• array o f  electro-optical coupled fast neutron detector system s.
These methods have been defined in the section 5.5 o f  this chapter and som e examples o f  
the type o f  fast neutron detectors which have been used for each technique have been 
described in the subsections. The conclusion an discussion is given in section 5.6
5.2 Proportional counter neutron converters
In principle, the proportional counter is an extension o f  the ion chamber in which a higher 
electric field strength is used and internal pulse amplification takes place. The field is 
strong enough to accelerate electrons, between collisions with gas atoms, to give them  
enough energy to produce secondary ion pairs. The net result is that the primary electrons 
finally generate a large number o f  electrons. The original charge deposited by the ionizing 
radiation is multiplied by a factor called gas multiplication factor and may be as large as 
1()6. Consequently a large signal pulse will be obtained. Clearly the pulse height is 
proportional to the number o f  ion pairs generated and therefore in equilibrium to the 
energy deposited.
An important class o f  application for proportional counters is neutron detection. In order 
to detect neutrons, it is necessary to include within the chamber a material from which a 
charged particle will be released, as a result o f  a nuclear reaction initiated by a neutron. 
The m ost com monly used reactions for conversion o f neutrons into directly detectable 
particles are the (n ,a) and the (n,p) reactions. The ability o f  proportional counters to  
discriminate between the particle types which produce different output pulses is 
particularly useful in neutron counting. Although neutrons often appear with a large 
background o f  gamma radiation, this can be rejected since the secondary electrons which 
they produce cause less ionization than do the charged particles which are released by the 
neutrons reactions.
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The disadvantages o f  gas filled detectors are due to their very low  stopping power for fast 
neutrons which reduces the detector's efficiency and the energy to create an ion pair in a 
typical gas-filled detector is about 30 eV  in comparison with a solid state detector which 
is 3 eV . There is a report o f  a two dim ensional multi-wire gas proportional chamber which 
was under investigation for fast neutron detection (M CF.91).
5.3 Solid state converters.
The general idea behind the solid state detector was simply to replace the gas o f  a gas- 
filled counter with a solid for the two major advantages which were mentioned before:
• the stopping power o f  solids are much higher than that o f  the gases, and the
• energy to create electron-holes in solids is determined by the energy gap between  
conduction bond and valence bond which is much smaller than ionization  
potential o f  gas atoms.
Therefore an increased number o f  charge carriers per unit energy gives much better 
energy resolution in solid state detectors.
Materials are classified as conductors, sem iconductors and insulators by the size o f  their 
energy bond gaps. Thermal energy can cause electrons to m ove from the valence bond to  
the conduction bond, leaving a positive hole in the valence bond. Materials with a large 
bond gap have a low probability o f  thermal excitation and therefore a very small number 
o f  free electrons are produced. Consequently these materials have a very low electrical 
conductivity which is characteristic o f  insulators. For materials with bond gaps o f  only 
several electron volts, sufficient thermal excitation will give a high electrical conductivity 
and the materials are classified as semiconductors. Conductor material such as metals have 
almost overlapping bonds o f  energies and therefore their electrical conductivity is very 
high at room temperature.
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In the absence of thermal excitation, by cooling down the material to liquid nitrogen 
temperature, semiconductors have no free electrons, and would not show any electrical 
conductivity. The passage of ionizing radiation raises some electrons from the valence 
bond to the conducting bond, leaving positive holes in the valence bond. If an electric field 
is applied, the electrons and the holes drift towards the positive and negative electrodes 
respectively. As a result a pulse is induced in the external circuit and the radiation is 
detected.
Semiconductor materials always contain impurities. There are two types of impurity, 
namely pentavalent and trivalent atoms. If for example pentavalent atoms of phosphorus 
(P), arsenic (As) or antimony (Sb) replace the tetravalent atoms of silicon each atom 
provides one extra electron which does not form a covalent bond. Instead these electrons 
occupy energy levels just below the conduction bond and therefore are easily thermally 
excited to the conduction bond and free to move through the crystal, even at low 
temperatures. This type of the impurity is known as a donor. If a trivalent atom such as 
boron (B), aluminum (Al) or indium (In) replaces the tetravalent host atoms, then a 
number of covalent bonds will be missing. These vacancies easily attract valence electrons 
and generate positive holes. This type of impurity is known as acceptor. Crystals doped 
with pentavalent impurities are known as n-type, whereas crystals doped with trivalent 
impurities are known as p-type.
An alternative method of producing "intrinsic-like" crystals is by compensation. In this 
process, impurity ions of the opposite type to those already present are introduced. The 
charge carriers of each type annihilate and the electric field of the two ion types cancel out 
to produce the equivalent of an intrinsic material.
If lithium ions are drifted in to the lattice of a p-type crystal of silicon under a reverse 
bias, they are attracted deep in to the p-type material and tend to form neutral pairs with 
negative acceptor ions, creating a very thick and uniformly compensated depletion layer.
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The disadvantage of solid state converters is the low registration efficiency for fast 
neutrons. The advantage of these converters are their large spatial resolving power. There 
are two types of solid state converters which can be applied for fast neutron detection, the 
PIN-type silicon photodiode fast neutron detector and the diamond detector for fast 
neutrons. The operation of these two converters is clarified briefly in the following 
subsections.
5.3.1 PIN-type silicon photodiode fast neutron detector
A new solid state fast neutron detector has been developed using a pin-type silicon 
photodiode with a polyethylene neutron converter of 45 pm thickness and a low noise 
charge sensitive preamplifier for photodiode (HOS. 95). The block diagram of the fast 
neutron silicon photodiode detector is shown in Fig 5.1 The silicon photodiode and 
polyethylene converter have sensitive area of lOmmxlOmm.
V * ♦** v '
Fig 5.1 block diagram of a fast neutron photo-diode detector.
For fast neutrons incident onto a polyethylene converter, recoil protons are generated by 
elastic scattering. The maximum energy of the recoil protons correspond to the maximum 
energy of the incident neutrons. The detection principle for a charged particle in the 
photodiode is just the same as that of semiconductor detectors. Recoil protons are
196
detected in the silicon depletion layer so that the thickness of the photodiode depletion 
layer should be more than the incident proton range. The thickness of the depletion layer 
of a silicon photodiode at a reverse voltage of 24V is estimated to be 180-200 |im, which 
is equivalent to the range of 5 MeV protons. Therefore a recoil proton with energy higher 
than 5 MeV will pass through the photodiode (PD) depletion layer. This fast neutron 
detector is simple, not expensive and it can be applied to the energy region above 1.2 
MeV (the energy region less than 1.2 MeV is due to gamma-ray and neutron induced 
charge particles in the PD through Si(n,p) and Si(n,a) reactions). The typical intrinsic 
detection efficiency obtained is typically 7.8x10"^ for 252q ? fission neutrons. The main 
factor determining this detection efficiency is thought to be the conversion efficiency from 
fast neutron to detectable recoil protons in the polyethylene converter (HOS.95).
5.3.2 Diamond -11a detector for fast neutrons
A natural diamond detector can be used to measure 14 MeV neutron spectra produced by 
a neutron generator. Silicon detectors are not suitable for very high energy neutrons since 
they have low neutron radiation resistance. Pure natural diamond-1 la (insulating) is a very 
interesting material due to it's outstanding properties. It is one of the simple non-metallic 
crystal insulators with a forbidden energy gap of about 5.5 eV. High resistivity of the 
order of 1 0 ^  £2cm, high break-down resistance (up to 10^ V/cm), are very important 
properties for it’s use as a material for nuclear radiation detectors (FEE. 93).
A diamond detector can be considered as a radiation detector in the form of two terminal 
electronic devices with a metal-insulator-metal structure. The insulator is undoped, pure 
diamond and the metals nominally form ohmic contacts ; no p-type or n-type junctions are 
required for pure diamond. Charge produced in the device is collected through an external 
applied electric field E.
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Any radiation that generates free carriers in the diamond can be detected by diamond 
(11a) detector. The advantages of carbon detectors are good spatial resolving power of 
these detectors and their ability to measure high neutron energy spectra (PIL.95). The 
disadvantage of these detectors is their low registration efficiency.
5.4 Light emitting converters
The principle of light emitting converters is based on the fact that in any material, an 
incident particle or photon leaves a number of electrons in the excited states from which 
they tend to de-excite, emitting photons of ultra-violet or visible light in the form of a 
light flash (scintillation). In practice a number of conditions must be satisfied if the 
material is to be used as a radiation detector.
First the material must fluoresce rather than phosphoresce thus, the scintillation process 
must be immediate and not delayed until after the triggering event, second the de­
excitation process must be radiative, so that a large fraction of the available energy is 
converted to light rather than heat. Finally the material must be transparent to its own 
scintillation.
For the above reasons not alt light emitting materials are useful scintillators. The 
scintillation detector can be classified into two groups: inorganic scintillators, such as 
certain alkali halides, glasses and noble gases and organic scintillators, such as anthracene 
plastics.
The scintillation mechanism in inorganic crystallises can be described by reference to the 
bond structure diagrams for solid-state materials as showed in 5.2. A pure inorganic 
crystal such as an alkali-halide crystal is represented by a valence bond of energies which 
is normally completely filled with electrons and a conducting bond which is normally
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empty. The latter lies above the former and is separated by a forbidden bond of energies in 
which electrons cannot exist.
Fig 5.2 Scintillation process in intrinsic inorganic crystals.
Incident radiation with sufficient energy can move electrons from their lattice site to the 
conducting bond by leaving electron vacancies called holes in the valance bond. This 
process is known as ionization. The electron in the conduction bond and hole in the 
valence bond are free to move through the crystal. An alternative process, referred to as 
excitation, forms a weakly pair called electron-hole pair. This pair is bound together 
forming a hydrogen like atom whose electron energy state is just below the conduction 
bond. The ionized electrons lose their energy in thermal collisions, moving down the 
energy level. These electrons are easily recaptured by positive ions. This is the electron 
hole recombination process, from which a photon radiation is emitted. It leaves the 
electron in vibration phonon state, from which it eventually decays, by thermal energy 
loss, to the valence bond. The recombination and the de-excitation energies released are 
less than the ionization energy and therefore the crystal is transparent to its own 
scintillation. However, the scintillation energy is high enough in the ultra-violet region 
which requires special optical system coupling. Furthermore, the electrons ionized into the 
conduction bond are able to lose their energy through collisions only if the crystal is
199
cooled. At room temperature they are inefficient because the emission and absorption 
spectra are similar.
Extrinsic inorganic crystals are formed by doping intrinsic materials with small quantities 
of heavy metal impurities, such as thallium (TI), known as activators. The energy level 
structure is illustrated in Fig 5.3 .
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Fig 5.3 Scintillation process in extrinsic inorganic crystal.
There is an activator ground state in the lower half and an activator excited state in the 
top half of the forbidden energy gap. The scintillation process begins as it does in intrinsic 
crystals, with the production of ion pairs and excitations, some of which decay emitting uv 
photons. At this stage the process is strongly affected by the presence of activator 
impurities. An electron in the activator ground state is easily captured by a positive ion in 
the valence bond. This attracts electrons in the conduction bond and also captures 
electrons from the exciton level. In all cases the result is an excited activated atom which 
subsequently is de-excited to the ground state, emitting a photon in the visible light 
wavelength. It can be concluded that the activators perform two major functions. First 
they capture and utilize elections with excess thermal energy in the conducting bond, so 
that the crystal can be operated at room temperature. Secondly they act as wavelength 
shifters converting uv light to visible light because both functions have efficiency less than 
100% , therefore the overall scintillation is much less than that of the intrinsic crystal at 
liquid nitrogen temperature. In addition, the extra stage in the scintillation process makes 
it longer.
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The scintillation process in organic crystals is a molecular process and can best be 
described in terms of a potential-energy diagram for the molecule shown in Fig 5.3. The 
passage of ionizing radiation can result in the transfer of the molecules from the 
electronic ground state to an electronic excited state.
Fig 5.4 Molecular potential energy diagram
According to the Frank-Condon principle (BRA. 83), the transition takes place at a fixed 
inter-atomic spacing line AA', Fig 5.4. The point A' represents a highly excited state. This 
extra energy is quickly dissipated as heat from the lattice vibrations, with perhaps the level 
B being reached. The molecules at this state will ultimately return to the ground state 
along path BB\ emitting a photon. It can be seen in Fig 5.4 that organic crystals are 
transparent to their own scintillation. The light produced in the scintillation process is then 
converted into electronic signals using a photo-multiplier tube (PMT) attached to the 
scintillator material through an optical coupling system. To date, the most useful organic 
crystals are anthracene and trans-stilbene.
Light emitting neutron converters are the most sensitive converters for fast neutron 
conversion. Their efficiency is up to IO3 photo-electrons per fast neutron. Therefore they 
are the most popular fast neutron converters. The disadvantage for these converters is 
their low resolving power.
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The combination of ZnS(Ag) scintillator converter with several fast neutron converters 
will be discussed in the next subsection. A new type of plastic scintillation fibres which 
can be used for detection of transmitted fast neutrons are also explained in the following 
subsections.
5.4.1 ZnS(Ag) scintillator screen with fast neutron converters
The technique of the luminescent mechanism is as follows. Fast neutrons first scatter with 
the protons from the hydrogen atoms in the converter material. Then the energy of each 
recoiling proton is then given to the luminescent ZnS(Ag). Here polyethylene resin (PE) 
which is rich in hydrogen, silicon resin (Si), polymethylpenten resin (TPX), polythene 
(NE426) and polypropylene resin (PP) which have very good transparency and are rich in
o
hydrogen can be selected as a converter. Each resin and ZnS(Ag) is mixed at 180 c by a 
high pressure method to form a detector for fast neutron television (TV) imaging (YOS. 
93). The sensitivity of these converters was measured by Yoshi in 1993 by a film method. 
The PP converter was the most sensitive among the other four converters. Therefore the 
performance characteristic of the PP converter have been reviewed. Changing the mixture 
ratio of ZnS(Ag) the sensitivity of PP detector is maximum for a mixture ratio of the 
ZnS(Ag) between 45 wt.% and 60 wt.%. Changing the thickness of the PP converter with 
a mixture ratio of 50 wt.% the sensitivity of the converter is saturated at 2mm thickness. 
This is thought to be caused by the influence of the optical absorption factor of the 
converter. The sensitivity of the optimized PP converter has been obtained. The light 
intensity per fast neutron flux at the reactor power of 2 kW has been estimated to be 3.8x
10"9 W per 1.8*107 n/cm^s . The light intensity from the converter per unit gamma-ray 
dose rate was estimated to be 5.4*10~l3W/cm2 per mGy hour"! (YOS. 93).
NE451 is also another detector system of scintillator type. The detector consists of 
alternating, concentric circular layers of clear plastic and of plastic in which ZnS sulphide
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grains have been embedded. Incident neutrons produce recoil protons in plastic which hit 
the ZnS grains and generate short pulses of scintillation light. The plastic layer that 
contains the ZnS grain is opaque to light and the layers of clear plastic allow the light to 
escape and reach a photomultiplier tube (PMT). The scintillations generate voltage pulses 
in the (PMT), then can be imaged by different methods. This detector has been applied for 
the detection of 14 MeV neutrons for fusion test reactors (VON. 95).
5.4.2 New Plastic scintillation fibres for fast neutron detection
In order to detect fast neutrons within an intense gamma-ray back-ground, the detector 
element must be made small compared to the range of the recoiled electrons produced in 
the gamma-ray interactions, yet large enough to stop recoiled particles resulting from the 
neutron interactions. An ideal sensor for this application is the scintillator fibre detector 
whose neutron sensor is formed from long, thin plastic fibres. The combination of long, 
thin fibres and the kinematics of the neutron-proton reaction provides an effective means 
to discriminate against neutrons entering at a direction non-parallel to the fibre axis. A 
scale version of the detector is shown in Fig 5.5.
Fig 5.5 Sketch of the scintillating fibre detector illustrating the major components. The 
detector is pointed at the target neutrons so that they enter along the fibre axis. 
Background neutrons are shown entering at an angle 0  relative to the fibre axis
(HOL.94).
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Advances in scintillator fibre technology, which have been used to detect charged particles 
in high energy experiments (PRO. 88) and in CCD camera technology, provide the 
opportunity for the development of the scintillator detectors for fast neutrons. The fibres 
used for this purpose are constructed of polystyrene (CH) core doped with scintillator 
dyes and surrounded by an acrylic cladding with slightly lower refractive index to trap the 
scintillation light. Several of these fibres each measuring either 0.3 mm or 0.5 mm square 
and 10 cm long (attenuation length of 14 MeV neutrons in the fibre material) make a 
bundle. The bundle is supported in a thin-walled, light-tight enclosure made of aluminum 
and coupled to a set of gamma-ray insensitive electro-optic intensifiers. The intensifier 
system consists of a electro-optic intensifier tube GEN1 (40mm/ 13 mm), a proximity 
focus tube to reduce the image so that it can be coupled to a charge coupled device 
(CCD) camera and a GENl(18mm/7mm) tube to provide adequate gain to amplify the 
signal well above the CCD noise. The CCD camera records the image at the output of 
the last stage intensifier system. For data processing, the image from the CCD camera is 
acquired by a pc-based image processor. The image processor analyses the image and 
writes the image or data to storage medium (HOL. 94).
The advantage of plastic scintillation fibre converters is their simplicity, high efficiency and 
ability to detect fast neutrons within an intense gamma-ray and scattered neutron 
background. A 20% detection efficiency can easily be achieved with for these detectors. 
The disadvantage for these converters is their lower spatial resolution 4.7+0.1% when 
compared with solid state converters (SIM. 93).
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5.5 Methods of registering secondary particles produced by fast neutron 
converters.
5.5.1 Film-converter method
The film or photographic emulsion is one of the most widely used type of radiation 
detectors, with major applications in x-ray, gamma-ray radiography, crystallography, 
radiation dosimetry, auto radiography and, in the last three to four decades, in neutron 
radiography.
It is almost the oldest form of detector, in view of the fact that it was the fogging of the 
film by the emissions from uranium which led to the discovery of radioactivity by 
Becquerel, in 1896.
A typical film consists of a layer of emulsion, usually between 10 to 25 pm thick, coated 
on one or both sides of a transparent plastic base. The base provides structural support for 
the emulsion, which is the sensitive volume of the film. The active ingredients of the 
emulsion are crystalline grains of silver bromide, each containing about 10^ silver bromide 
atoms and held in suspension and smashed into a gelatin medium. The grains are closely 
packed and their diameter ranges from about 0.3 pm in slow or insensitive film to about 2 
pm in the faster, more sensitive film used in imaging ionizing radiation.
Films are extremely sensitive to visible light except at the red end of the visible spectrum 
and are sensitive to gamma-rays, x-rays, electrons and other charged particles. 
Unfortunately they are insensitive to neutrons unless the emulsion is loaded with material 
with large neutron capture cross-section (such as hydrogen for fast neutrons or boron for 
thermal neutrons) which will produce charged particles for detection in the emulsion.
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Therefore in order to detect neutrons, a neutron converter has to be used to convert 
neutrons into film detectable secondary radiation.
There are two techniques for neutron detection process by using film emulsion the direct 
technique and the transfer technique, depending on the type of converter being used. If 
the converter produces prompt secondary radiation, the film must be in contact with the 
converter during the neutron exposure. This method is the direct radiography technique. If 
the converter is radioactive and decays by secondary radiation with a specific half life, 
then the film can be put in contact with the converter later . This process is called transfer 
radiography and a latent image will form on the film away from the neutron beam, which 
will eliminate the effect of gamma background of the neutron beam on the film. The two 
techniques are explained in the following subsections. The fast neutron converters which 
are available for imaging all produce prompt secondary radiation. Therefore only direct 
techniques have been used for fast neutron imaging.
5.5.1.1. Direct technique
In this method, the converter foil is placed in contact with the film in a light tight cassette 
directly into the neutron beam as in Fig 5.6. The atoms in the foil absorb neutrons and 
promptly emit secondary radiation. These secondary radiations then produce an image on 
the film. When for example a gadolinium foil is used for thermal neutron detection the 
induced radiation is an electron. If a scintillator screen containing a mixture of 
polypropylene resin and ZnS(Ag) is used (YOS. 96)2, on interaction of a fast neutron with 
the hydrogen atoms of the screen, recoil protons are produced. The protons then strike 
the zinc sulphide, which in turn emits light photons. Despite the disadvantage that the 
gamma-rays of the background may produce gamma-ray fogging on the film, this method 
is used because it is faster than the second method.
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film oonverter
Fig 5.6 Direct method of neutron detection.
5.5.1.2 Transfer technique.
In this method, an activation image is formed in the foil and this is subsequendy 
transferred to a film in a dark-room by placing the foil and film in contact and allowing the 
radiation emitted from the foil to produce the latent image in the film Fig 5.7. With this 
method the decay process starts during the neutron exposure in the beam so that some of 
the emitted radiation is lost. The transfer method is obviously slower than the direct 
method but this disadvantage is compensated by the fact that the method can be used in 
high gamma-ray backgrounds since the foil is insensitive to gamma-ray activation .
The response of a film is usually described in terms of degree of blackening, or optical 
density, d. The common method of representing film response is by its sensitivity. This 
specifies a quantity of radiation required to produce a given optical density. The optical 
density can be measured by means of a micro-densitometer in which the film is illuminated
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by a visible light of intensity Iq photons per unit area and transmits an intensity of I 
photons per unit area. The optical density is expressed as
d = log ( I / I0)
rad iation
Fig 5.7 Indirect method of neutron detection
The major advantage over other imaging systems is its excellent inherent spatial 
resolution. The position of an incident particle or photon is recorded as being somewhere 
within the silver bromide grain, so it is defined to within the diameter of one grain. The 
resolution is somewhat larger for neutron detection, due to secondary radiations emitted 
isotropically at the point of interaction. Unlike an electronic device however the film does 
not record all the interactions that take place at the same point. In other words it has 
position-coincidence losses. A silver bromide grain, having recorded one count, becomes 
insensitive to further interactions so that the number of sensitive grains decreases with 
continued exposure to radiation, until the film becomes saturated. This will reduce the 
sensitivity of the film when the object is made of elements with very different neutron
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cross sections. A typical film response against exposure curve is shown in Fig 5.8 . The 
linear part of the characteristic curve determines the dynamic range of the film.
Fig 5.8 A characteristic curve of a film emulsion.
The images which have been produced from an object in several different angles on 
different films, can later be digitized and used for reconstruction of tomographs.
The advantage of the film method for registering secondary radiation is the high 
resolution (0.05mm) and compared with track-etch detector method needs much less 
exposure-time (3hours). The disadvantage of the film technique is registration efficiency 
which is 50 times less than the television method (YOS. 96)2 The following subsection 
introduces the type of film-converter combinations which can be used for fast neutron 
tomography with a very good resolution.
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5.5.1.3 PMMA and ZnS(Ag) and x-ray film detector
A good example for detecting fast neutrons by film is given by Yoshi (YOS. 96)2. To 
perform an imaging technique with high resolution and high contrast, he used a thin type 
of scintillator converter. The converter consisted of a PMMA (polymethyl methacrylate) 
and ZnS(Ag) mixture with a thickness of 40 mm. This converter can be placed behind 
the sample in contact with a radiographic film such as an X-ray film. Using this method 
he was able to observe a spacer with a thickness of 0.1 mm with the high contrast.
5.5.2 Track etcli method and CR39 fast neutron detectors
In this method the converter is in contact with a layer of track recording material such as 
plastic or glass. The converter has a large neutron cross section and prompt ion emission. 
The best materials for fast neutrons conversion are jHand lgC- Ions form close to the
surface of the converter then leave its surface and penetrate the track recording material.
Charged particles passing through the recording material produce excitation and 
ionization along their paths. These form cylinders of positive ions which repel each other 
and produce a narrow cavity surrounded by a region under high strain and are 
consequently chemically reactive (FLE. 65) . For plastic recorders, excitation and 
ionizations produce broken chains and free radicals. After.the exposure the track-recorder 
is etched by a strong caustic or HF solution which preferentially attacks the damaged 
areas. Initially the damaged areas are visible with an electron microscope, but etching 
enlarges the holes to the point at which tracks can be seen with an optical microscope. 
With prolong etching the pits are so enlarged that they can be observed with the naked 
eye.
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Track etch recorders suffer from low contrast which makes viewing difficult. However 
contact printing (BER.75) oblique illumination (MOR. 71) and diffusion of fluorescent 
dye into the tracks (BAR.71) are all helpful.
The advantage of track etch recorders is good resolution (BER. 68). The disadvantage of 
the method is the need for a long exposure and developing time (24 hours) to produce 
images. The following subsection describes the CR-39 track etch detector and its imaging 
technique. This is a convenient detector for fast neutron detection specially for fast 
neutron dosimetry.
Plastic CR-39 is remarkable as a detector material because of it's high sensitivity to fast 
neutrons which is 2 times more than film registration method and it’s low threshold energy 
for track formation (YOS. 96)2. It is useful for the detection of neutrons whose energies 
range between 0.1 and more than 10 MeV. In the CR-39 plastic sheets, fast neutrons 
produce energetic recoil protons by reactions with hydrogen atoms, and their potential 
tracks can be generated in the sheets. Such tracks explicitly come into view after 
appropriate etching as etch pits, and the spatial distribution of etch pits from images of the 
objects. The utilized CR-39 sheets are prepared from commercially available sheets, 
manufactured from Solar optical Japan Co. with a thickness of 1.6 mm. After cleaning and 
drying, the CR-39 sheets are set behind various objects to be imaged at the exit of a fast 
neutron beam without any converter or radiator. The exposed CR-39 sheets can be etched 
by NaOH solution. The etched-out images on the sheets usually have a low optical 
density under directly transmitting light. Therefore the images on CR-39 sheets are 
transferred to conventional optical films having high contrast by using only the scattered 
light from the back face of the CR39 sheet. With this technique excellent fast neutron 
images can be obtained (IKE 89).
211
Many types of CR-39 detectors are used for personal neutron dosimetry. There are 
several methods to count the etch-pits. Automatic scanning methods using micro­
densitometer are applied to count some electrochemical etched samples (HAR. 85).
The composition of the CR-39 plate which Tsuruta applied for fast neutron dosimetry 
was 97% alkyl diglycol carbonate (C12H1807) and 3% diisopropyl proxy bicarbonate 
(C8H1406) as a polymerizing initiator (TSU. 92). The CR-39 plate was optically 
transparent and 1.6 mm in thickness. The plate was sandwiched by polyethylene sheets 
with a thickness of 0.1 mm to form a detector. The polyethylene sheets play the important 
role of the radiator which increases the sensitivity of the detector. In addition the sheets 
protect the detector surface from a-rays from radon and its family in the atmosphere.
5.5.3 Electronic (TV) imaging method.
In fast neutron imaging with the trace etched method, it takes about 24h of irradiating 
time to get images (YOS. 96)2 whereas it takes about 3h to get imaging by the film 
method (YOS. 96)2. When applying these methods for tomography, the imaging time is 
multiplied by the number of projections. To decrease the time, the television method for 
imaging by fast neutrons has been developed (YOS. 90).
The TV imaging technique provides immediate results without the need to go to film and 
the subsequent processing stage. Among most of the neutron detectors which have been 
used for direct neutron imaging have been tried for electronic imaging too, the scintillation 
types are the most convenient for this technique. The brightness of the image can be 
increased by using a thicker screen. This will utilize more of the incident neutrons but can 
also increase the effect of other radiations on the image (WAT. 61).
For neutron tomography purposes, the image recording and the scanning mechanism are 
synchronized. The method is illustrated in Fig (5.9). The technique of the luminescent
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mechanism in fast neutron television-imaging is as follows. Fast neutrons first recoil 
protons from hydrogen atoms in the converter and then the energy of the recoil proton is 
given to the luminescent ZnS(Ag). Here polyethylene resin (PE) which is rich in hydrogen 
, silicon resin (Si), polymethylpenten resin (TPX) and polypropylene resin (PP), which 
have very good transparency and are rich in hydrogen, can be selected as a converter.
A plastic converter with thickness of 2.0 mm and composition of 50wt.% of the ZnS(Ag) 
scintillator and 50wt.% polypropylene have been used to convert the neutron beam into 
visible light with very good output for neutron tomography (NAK.96). Plastic containing 
scintillator materials and fibre scintillator detectors have achieved some popularity and are 
available for fast neutron TV imaging . Because of the small thickness of these converters, 
especially fibre scintillators, gamma-ray discrimination is very effective since a large 
fraction of all secondary electrons created by gamma-ray interactions escape without 
depositing their full energy. The image produced on the scintillator is then reflected using 
a mirror placed at 45 degrees with respect to the neutron beam and subsequently recorded 
by a video camera coupled with a computer for image processing as well as scanning 
control.
&C4NTIU-ATOR
Fig 5.9 Fast neutron TV imaging system
213
This TV imaging technique is able to image a small hole of 1.0 mm in diameter and 10 mm 
in depth in an acrylic plate through a 50mm iron block. A thin aluminum of 0.15mm 
thickness has been specified in a fuel pin by the TV method using the (PP) screen (YOS. 
93). These results can be exploited for industrial inspection, because fast neutron 
tomography can be applied to thick specimens and compound specimens made of light 
elements and heavy elements.
The advantage of the TV method of tomographic imaging by fast neutrons are optimum 
efficiency, good resolution and short time required for imaging. The disadvantage is the 
lower spatial resolution compared with film and track etch methods of imaging.
5.5.4 Array of electro-optical coupled fast neutron detector system
An arrangement of a system for neutron tomography is shown in Fig 5.10 The sample to 
be imaged is placed on a rotating sample holder in line with the beam. Neutrons passing 
through the sample are absorbed in the scintillator screen with efficiency e.
Fig 5.10 Neutron tomograghy system layout
Photons generated in the screen pass through a lens and enter the charge-coupled device 
(CCD) detector, which is a rectangular array of n*m pixels. The photo-electrons
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generated at each CCD pixel comprise the electrical signal and are proportional to the 
number of neutrons detected in the screen below.
The detector used with this system should be a two-dimensional integrating detector 
based on an electro-optical configuration. The detector is shown schematically in Fig 5.11. 
Neutrons passing through the object are stopped in the scintillator screen, S, which is 
mounted inside a tight light box. Light photons are reflected by the mirror and focused by 
the lens on to the cooled CCD (KOB. 89). Y203Eu and (ZnMg)3(P04)2 Mn4 scintillator 
screen mixture have ideal phosphor wavelengths for the peak efficiency of the CCD 
system. The detector efficiency for gamma rays is very low. The inherent detection 
efficiency of the screen can be increased if necessary, at the expense of reduced spatial 
resolution in one dimension by tilting the screen at an angle a with respect to the plane 
normal to the incident neutron flux, as shown in Fig 5.11. The path of the neutrons on the 
screen is thus increased by l/(cos a). The concentration of plastic (H) in the screen may 
be also increased for increased capture efficiency, however at the expense of decreased 
light output (SPO. 69).
S c in t i l la to r
screen
Fig 5.11 Schematic of position sensitive neutron detector
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A major problem with using CCDs to image scintillator screens is the large amount of 
light which is lost in the imaging system when to minification is required. Fortunately in 
the neutron imaging system, the light per neutron is substantially much greater than is 
typical for x-ray screens. Neutron light emitting screens can produce more than 10 5
q
photons per neutron (TAB. 1977) compared to perhaps 10 photons per x-rays of 40-60 
keV (MCF. 91). This will have a good effect on the number of photoelectrons produced in 
CCD for each neutron. An optimized system can produce 17 photo-electrons in CCD for 
each incident neutron stopping in the screen.
With the CCD-based opto-electronic detector the imaging region can be modified to 
increase the image area. The minification can be increased at the expense of signal -to- 
noise ratio, or larger CCD arrays can be used. The imaging area can also be increased 
without scarificing individual pixel resolution by constructing a network of individual 
screen CCD systems as diagrammed in Fig 5.12. The detector configuration consists of an 
a x b  array of electro-optical coupled neutron detectors subsystem, each with its own 
microprocessor and storage device. The data transfer and analysis proceeds in parallel and 
the resolution and contrast performance of the ax b individual detector is maintained. The 
result is that, the size of the object that can be studied with a single exposure increases in 
proportion to the number of elements. Likewise, the time required to image a large 
structure will be reduced by the same factor. Therefore “instantaneous” imaging of large 
superstructures like aircraft and marine assemblies will be possible with such a system.
The advantages of array of electro-optical coupled fast neutron detectors are
• their ability to produce three dimensional images of bulky objects in a short time,
• the resolution could be as low as 0.1mm and remain the same for each individual 
detector.
• efficiency is optimum by this technique(17 photoelectrons for each neutron) and is 
the same for all detectors
2 1 6
The disadvantage of the technique is the cost which depends on the number of 
individual microprocessor, detectors and CCDs
Fig 5.12 Network of two dimensional detectors for imaging large objects. Each detector 
has its own CCD and is interfaced to its own processor configured in a parallel
architecture for processing.
5.6 conclusion and discussion
To detect fast neutrons for the tomography of large objects, neutrons need to produce 
detectable secondary radiations such as charge particles or light, as they have no 
significant recorded effect themselves. To convert fast neutrons to detectable radiation 
two type of converters can be used: solid state and light emitting converters. To select a 
convenient converter the following basic characteristics must be considered:
• Signal build-up with exposure.
• Fast neutron registration efficiency.
• Spatial resolving power.
• Half life of the isotope emitting the secondary radiation.
Hydrogen and carbon have a very good signal build-up with exposure of fast neutrons, 
therefore they are the only two elements which have been used as a converter for fast 
neutrons. Figs 4.4 and 4.3 in chapter 4 show the total microscopic cross -sections versus
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fast neutron energies, for carbon and hydrogen. Both these elements produce prompt 
secondary radiations which is suitable for fast neutron tomography .
Between the two types of fast neutron converters the solid state converters have a large 
spatial resolving power but a lower registration efficiency. The two kinds of solid state 
detectors which have been used for fast neutron detection, are the silicon photo-diode and 
the diamond detectors.
The pin-type silicon photo-diode detector is a simple, inexpensive fast neutron detector 
and it can be applied to the energy region above 1.2 MeV. The typical inninsic detection 
efficiency obtained for this detector is 7.8 x 1()~5 for Cf-252 neutrons. This is a 
convenient detector when high spatial resolution is necessary but it needs a long exposure 
time due to its low registration efficiency. Silicon photo-diode detectors are not suitable 
for very high energy neutrons of more than 5MeV because they have low neutron 
radiation resistance. The detector is not also reliable for fast neutron tomography of bulk 
objects since it requires very long exposure time for recording all the projections. Photo­
diode detectors are convenient for fast neutron dosimetry.
The Diamond-11a detector is a natural diamond which can be used to measure high 
neutron energy spectra produced by neutron generators. Pure natural 11 a-diamond is a 
very interesting material due to its outstanding properties. It is one of the simple non- 
metallic crystal insulators with a forbidden energy gap of about 5.5 eV, high resistivity of 
the order of 1 ( 0  Q cm and high break-down resistance (up to 107 V/cm) which are very 
important properties for its use as a material for a nuclear- radiation detector (FIE. 93).
The most popular fast neutron converters are the light emitting screens. They have very 
high efficiency but low resolving power. However because of their excellent efficiency (up 
to 103 photo-electrons per fast neutron) they are considered as the most convenient 
converters for fast neutron tomography.
Among the light emitting detectors which have been used, the sensitivity of 2 mm thick 
polypropylene resin (PP) with a mixture of 50wt% of light emitter ZnS(Ag) has been 
found to be optimum for fast neutrons (YOS. 93). The light intensity per fast neutron flux 
at a reactor power of 2 kW has been estimated to be 3.8 Xl0~9 W per 1.8 XlO^ n/cm^s 
which is equivalent to 1.319 XlO3 photo-electrons per neutron . The light intensity from 
the converter per unit gamma-ray dose rate was estimated to be 5.4 xlO"^3W/cm^ per 
mGy lr  1, which is much less than the light intensity due to the fast neutron (YOS. 93).
A small hole of 1.0 mm in diameter and 10 mm in depth in an acrylic plate has been well 
imaged through a 50mm iron block using a PP detector. In addition, a thin aluminum 
spacer with thickness of 0.15mm has been specified in a fuel pin by using (PP) screen 
detector (YOS. 93). As already stated these results will have an impact on industrial 
inspection because the fast neutron tomography technique can be applied to thick 
specimens and compound structures made of light elements and heavy elements.
Another new type of light emitting converters for fast neutron detection are plastic 
scintillation fibres . In order to detect fast neutrons within an intense gamma-ray field and 
scattered neutron background, the scintillator fibre detectors, whose neutron sensor is 
formed from long, thin plastic fibres, are ideal sensors. The combination of long, thin 
fibres and the kinematics of the neutron-proton reaction provides an effective means of 
discriminating against neutrons entering at a direction non-parallel to the fibre axis. A 
20% detection efficiency can easily be achieved with for these detectors.
For registering and displaying the secondary radiations produced by the converters several 
methods have been developed:
• track etch method,
• film method,
• television system, and
• array of electro-optical coupled detector system.
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Table 4.2 shows the comparison o f  these imaging techniques for fast neutron radiography.
The track-etch method though giving good resolution (0.05 mm) suffers from low 
contrast. The technique needs a very long time to produce an image(2 hours exposure 
and 22 hours to develop the image) which makes it inconvenient for fast neutron 
tomography. CR-39 track-etch detectors are however very popular for fast neutron 
dosimetry.
Table 4.2 comparison of several methods of imaging technique for fast neutrons
(YOS.96)2
Exposure time Exposure 
neutron fluence 
(n cm ’ J |
Required time 
to produce 
image
Spatial
resolution
[mm]
Optical density
CR39 track 
etch method
about 2h 1 X 10“' 24 h 0.05 0.5
Film method about 2 h 2 X 10"’ 3 h 0.05 1.0
Fast neutron 
television • 
method
20 s 4 X 10s 5 min 0.25
The film method has a very high resolution (0.05 mm) since the converter scintillator is in 
close contact with the registering device (film). Compared with the track-etch detectors 
the method also needs much less time (3 hours) to produce the image. This method can be 
applied for fast neutron tomography when, very high resolution is essential. For large 
object inspection when a resolution of about 0.2 mm is accurate enough the television 
method of detection is much more reliable for fast neutron tomography. Due to it's high 
efficiency this method can be used with lower neutron intensities . By using sensitive 
scintillator screens, like the polypropylene resin(PP) with the TV method, fast neutron 
tomographs with a resolution of 0.1 mm can be obtained.
The last and the most efficient method for fast neutron tomography of a large object is an 
array of electro-optical coupled fast neutron detector system. Each array of detectors has
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its own microprocessor and storage device. The data transfer and analysis proceed in 
parallel and the resolution and contrast which could be as low as 0.1 mm remain the same 
for each individual detector. The size of the object that can be studied with a single 
exposure increases in proportion to the number of detectors. The time required to image 
a large structure will be reduced by the same factor too.
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Chapter 6 
Simulation of fast neutron transmission computed 
tomography
6.1 Introduction
The aim of computed tomography is to view a section or a iayer of an object clearly, 
without interference from underlying or overlying regions.
The transmission of fast neutrons through biological or industrial objects, calculated in 
chapter 4 by using the MORSE code, can be measured experimentally by fast neutron 
detectors. However the transmission depends on the integrated interaction cross section 
over the path of the neutrons through the object. This means the details of the internal 
structure at each point of the path are easily hidden in this effective averaging. This is 
because the neutron interaction at each point depends on elemental composition in that 
point. Computed tomography, using the method of the image reconstruction from 
projections of multiple angles, allows two or three dimensional details to be extracted 
and the object to be visualized in cross sections, retaining the spatial distribution of the 
radiation attenuation and thus the details of the internal structure of the objects.
Section 6.2 of this chapter summarises the basic principles of computed tomography. 
Section 6.3 deals with the simulation of the tomographic images of bone, bone marrow 
and soft tissue and with the detection of bone marrow in a body. Section 6.4 considers 
the simulation tomography and the detection of brain in skull. The purpose of section
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6.5 is to produce the simulation tomograph of some industrial objects and to detect oil 
in engine. The results and their analyses are given in each section separately.
6.2 Basic principles of computed tomography
The goal of transmission computed tomography (CT) is to detect radiation that has 
passed through an object at multiple angles and, with the aid of a computer, to 
reconstruct a cross section of the linear attenuation coefficient, i.e. for neutrons the 
total macroscopic cross section values for the object’s section. The image of each 
section should be sharp and free of any superimposition from both overlying or 
underlying structures
The CT image depends upon several steps illustrated in Fig 6.1. These steps are the 
essential components of any CT system.
1. The radiation source and detector traverse (scan) the object and a number of 
discrete readings are made during each scan. This number varies depending on the 
size of the object. There is a "sampling theorem" which determines the relation 
between number of linear intervals Ns in each projection and the number of 
angular intervals N q and the size of the object d (ALB. 95). Sampling theory 
defines the number of intervals as Ns=d/w where w is the scanning intervals and 
4  is half of the detector collimator diameter (WEB. 88). It also defines the number 
of angular interval as N q = ti/AQ where A0 is the angular interval and N q is a 
function of Ns in the range of tcNs/2 > Nq > ttNs/4 (GIL.84). The scanning 
modes ensure that every point in the object is scanned successively by a large set 
of transmission measurements.
2. The incident radiation beam passes through the object and is attenuated. The 
transmitted radiation is detected by suitable detectors placed behind the object. 
At the same time a reference detector may be used to record the radiation 
intensity from the radiation source.
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3 The transmitted beam and the "reference beam" are both converted into electric 
signals.
4. These output current signals are then converted into digital form by analog-to- 
digital converters (ADC).
NEUTRON BEAM
TUBE SECTIONS 2 DETECTORS
Fig 6.1 Essential components for the total achievement of a CT image.
5. The digital data are then normalized and the logarithms calculated to generate 
relative transmission values (HAN. 73)where
the relative transmission = In (intensity at source / intensity at detector).
6. The relative transmission values are sent to the computer, which uses a suitable 
program to reconstruct the cross sections of the object (KUS. 86)3, (KOU. 82), 
(BAR.81) and (HER. 80).
7a The output from the computer (in digital form ) can be sent to a line printer to 
produce a numerical print out, or
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b. The output can be put onto suitable storage devices for analysis of the information
at a later time, or
c. The output undergoes digital-to-analog conversion (DAC), after which it can be 
displayed on suitable devices (CRT display device) in varying shades of grey. A 
color image is also possible. The image can also be recorded by photographic 
means.
In CT, the object is first scanned for different angles of projection. In the second step, 
which involves sampling, the transmission values are obtained through the process 
given in step 5 above. In quantization integers are assigned to the transmission values 
obtained as a result of sampling. These integers (grey levels) can be obtained as 
numerical print-out or can be displayed as a grey scale.
6.3. Simulation tomography and detection of bone marrow in bone and 
bone in soft tissue
6.3.1 Simulation tomography and detection
In the primary calculations, the formation of a tomographic image of a cylindrically 
shaped object, assumed to be made of 20mm diameter of bone comprising a 10 mm 
diameter of bone marrow at its centre, was tested. The cross section of the plane of 
interest is shown in Fig 6.2. The diameter of the cylinder determines the required 
number of raysums. However it is generally useful to keep the scanning length longer 
than the sample diameter so that air can be used as a reference material for attaining a 
very low attenuation intensity. The output of the transmitted fast neutrons through the 
half of the simulated object of bone and bone marrow, given in table 4.18, were 
modified for the whole diameter of the object and used as one projection. Therefore the 
projection data at one angle consists of 23 raysums at 1mm intervals. Fig 6.3 shows the 
projection of the bone and bone marrow at 0 degree for fast neutrons of energy from
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1()4 to 107eV. Since the object is considered to be symmetrical, 20 such a projections 
were used representing (over 180 degree) projections of the object for every 9 degrees 
of rotation. Then the transmitted data were reconstructed by the filter back projection 
algorithm software. The reconstructed information was presented as grey scale images 
through a computer package called XV (BRA. 93). The tomograph is displayed in Fig
6.5 as a matrix of 23 x23 pixels which corresponds to the square number of the 
raysums. Fig 6.4 represents the line scan taken from one side to the other side of the 
tomographic image through the centre. The region of interest (ROIs), which represents 
a matrix of a number of pixels, can be selected on the tomograph in order to obtain the 
average macroscopic cross section of different media of the object.
Fig 6.2 The diagram of the section of the bone and bone marrow
The calculation was carried out for the transmission of neutrons through a larger matrix 
by adding tissue around the cylindrical shaped bone and bone marrow. We then 
investigated the detectability and formation of the tomographic image of bone marrow 
in bone and tissue. The object was considered to be a 60mm diameter cylindrical shape 
consisting of 20 mm thickness of tissue around 50mm thickness of bone and 10mm 
thickness of bone marrow at its centre. The transmitted neutrons of U235 source with 
energy from lO^eV to 107eV (see table 4.24 and Fig 4.11) provide the scans from the 
centre up to 20mm thickness of this object for one angle of the projection. This means 
we scanned 20 mm of the object from the centre to minimise the number of detectors 
used and also to get enough scans for comparing tissue, bone and bone marrow. 
Therefore the reconstructed image displays only 10 mm thickness of tissue around 5mm 
thickness of bone with 10mm cylindrical shaped bone marrow at its centre. The
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projection for one angle consisted of 39 raysums at 1 mm intervals; Fig 5.6 displays this 
projection. Then the transmitted data were reconstructed and the image produced in 
Fig 6.8 as a matrix of 39 x 39 pixels. The image represents the distribution of the 
macroscopic cross section of neutrons of energy from lO^eV to lO^eV in tissue, bone 
and bone marrow. The line scan of the central line of the image is presented in Fig 6.7.
6.3.2 Results and discussion
The two media of bone and bone marrow in the section of interest of the 20mm 
diameter cylindrical objects are clearly distinguished in the tomographic image 
represented in Fig 6.5. The outer cylinder was given the composition of bone and the 
inner one consisted of bone marrow. The borders of the bone and bone marrow 
appeared after pixels number 5 from the centre, and for the border of bone and air after 
pixels number 10 from the centre as expected from the calculation in Fig 4.1. The line 
scan taken across the tomographic plane, shown in Fig 6.4, also exhibits a remarkable 
variation of the macroscopic cross section in bone and bone marrow across the line. 
Since the input data for the central line scan does not have any value at the border of 
two media (5.2mm from the centre as shown in Fig 4.1), the software which draws the 
graph gives the average value of the two neighboring media to the pixel at this point. 
Therefore the pixel located at the border of bone and bone marrow has a value equal to 
the average value of the bone and bone marrow (partial volume effect). The 
tomographic image of the bone and bone marrow represents the distribution of the 
macroscopic cross section of the two media in the slice of the object. However, since 
we did not apply a mono-energetic neutron source, the results for the macroscopic 
cross section of each region do not correspond to a unique energy but depend on all the 
energy groups of the neutron spectrum emitted by the source. The results also depend 
on the number of neutrons in each neutron energy group as given in table 3.8 and Fig 
3.16. It is possible to obtain the separate output for transmitted neutrons of each energy 
group by the MORSE code. Then the reconstructive tomographs for all the energies
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can be produced separately. Consequently the distribution of the macroscopic cross 
section for each energy group can be obtained from each tomograph, but this procedure 
requires many more neutrons in order that a sufficient number of neutrons, with an 
acceptable statistical error for each energy group, can be transmitted through the 
object. The computer time for the calculation of transmitted neutrons at each energy 
group would therefore be much longer.
For the next simulated tomograph, when we increase the volume of the object to 60mm 
diameter by adding soft tissue to the sample, the tomographic image exhibits a 
remarkable contrast between the three media of soft tissue, bone and bone marrow as 
displayed in Fig 6.8. The image of each medium in this tomograph is increased by one 
pixel in each side (compared with the previous one). This reflects for the addition of the 
tissue which increases the distance between the point source and the detectors and 
magnifies the image of each medium. This can be explained with a similar procedure, 
shown in Fig 4.1, as the border between bone and bone marrow is detected at 56mm 
from the centre, and the border of bone and tissue was detected at 108mm from the 
centre. The line scan across the central image also distinguishes soft tissue from bone 
and bone marrow as shown in Fig 6.7. Bone exhibits the highest macroscopic cross 
section while soft tissue has a lower value than that of the bone marrow.
The value for the contrast between bone and bone marrow in the tomographic image is 
0.13 and that for bone in tissue is 0.42. These are reasonable values for detection. This 
was obtained from a definition of contrast as signal over noise ratio 
C=(X2-X 1)/(^2+Z i where X2 and are the values of the macroscopic cross
sections of the neighbouring tissues (bone, bone marrow or soft tissue) as shown in the 
central line scans in Figs 6.4. and 6.7.
From Fig 4.10b the best neutron energy for tomography in detection of bone marrow in 
bone and soft tissue is 0.1 MeV. At this energy the minimum detectable mass of bone
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Fig 6.3 Transmission ratio of fast energy neutrons through bone
and bone marrow (projection at 0 degree)
Detector position (mm)
Fig 6.4 Central line scan (from left to right) of the tomograph 
of bone marrow in bone
Fig 6.5 Simulated tomograph of bone marrow in bone
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Fig 6.6 Transmission ratio of fast neutrons through soft tissue,
bone and bone marrow (projection at 0 degree)
Rg 6.7 Central line scan (from left to right)of the tomograph 
of bone marrow in bone and soft tissue
Pixel No.
Fig 6.8 Simulated tomograph of bone marrow in bone and tissue
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marrow in bone is minimum (12 mg/g) and the penetration of neutron in the bone and 
tissue is higher compared with the lower neutron energies (shown in Fig 4.10a). The 
optimum neutron energy for the detection of bone in tissue is more than 5 MeV. At 
such energy, the minimum detectable mass of bone in soft tissue is 0.8 mg/g as given in 
Fig 4.10c.
6.4 Simulation tomography and detection of brain in skull 
6.4.1 Simulation and detection
The procedure to investigate the performance of fast neutron transmission tomography 
of more voluminous objects was adopted in exploring the detection of the brain in the 
skull. The object was assumed to be a spherically shaped skull of 162 mm diameter and 
6min thickness containing 150 mm diameter mixture of brain and blood. The diagram 
of the section of interest is drawn in Fig 6.9. More details of the calculation of the 
transmitted neutrons through half of this object are given in subsection 4.3.3b and the 
output is presented in table 4.33 and 4.33a for 83 detectors. The results were then 
repeated for the other part of the object and used as one projection of 165 raysums at 
lmm intervals. Fig 6.11 shows the projection for one angle of rotation. Since the object 
is considered symmetrical, 160 such projections were repeated for every 1.125 degree 
of rotation. Then the image was reconstructed in a matrix of 165x 165 pixels presented 
in Fig 6.11. The line scan of the central line of the image is illustrated in Fig 6.12.
Fig 6.9 The section of the interest in brain and skull
6.4.2 Results and discussion
The two media brain and skull, in the section of interest in the spherical object, are 
clearly distinguished in the tomographic image represented in Fig 6.11. The tomograph 
displays a non uniform distribution of the macroscopic cross section at the central area 
of the brain medium. This is due to the very high statistical error in this area because of 
the low number of transmitted neutrons through the thicker part of the brain as shown 
in table 4.33. From this results the ratio of the transmitted neutrons through skull and 
brain varies between 0.36596+0.00182 and 0.019014 ±0.00700 from the side to the 
centre at detector numbers 83 and 1. The signal to noise ratio, which is 203 at the side, 
therefore decreases to 2.72 at the centre.
A point source was used at 200cm distance from the centre of the object for the 
projections which magnified the image. The border between brain and skull was 
detected at 78.1 mm from the centre. We used 83 detectors at 1mm intervals to detect 
the transmitted neutrons through the brain and skull. Since a point source was used, 79 
of these detectors detected transmitted neutrons through the brain and 4 of them 
detected neutrons from the skull. Therefore only 4mm of the skull appears on the 
tomograph. It is displayed in yellow colour by contrast to the brain part which is in red 
colour. The line scan across the central line of the image in Fig 6.12 distinguishes brain 
from skull. Brain exhibited higher macroscopic cross section than the skull.
The value for the contrast between brain and skull in the tomographic image is 0.1 
which is a reasonable value for detection. This was obtained from the values of the 
macroscopic cross sections of brain and skull that are displayed in the central line scan 
in Fig 6.12. In terms of the optimum energy for a good contrast tomography of the 
brain and the skull neutrons with energy less than 0.1 MeV are found to be the most 
convenient for the detection of brain in skull as shown in Fig 4.12.
2.14
Fig 6.11 Transmission ratio of fast energy neutrons through brain
and skull (proection at 0 degree)
Fig 6.12 Central line scan (from left to right) of the tomograph 
of brain in skull.
0.020
0.000 100.0 150.0
Pixel No.
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Fig 6 .13 Reconstructive image of brain and skull
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6.5 Simulation tomography for detection of oil passage in a 
combustion engine
6.5.1 simulation and detection
The analytical procedures which were applied in studying the detection of defects or 
impurities in voluminous industrial object by fast neutron transmission tomography 
were adopted in analyzing the transmitted neutrons through a combustion engine made 
of aluminum. The object was assumed to be an Al sphere of 200 mm diameter (a 
typical thickness and composition for a combustion engine) with 3 mm diameter of a 
cylindrical shape passage of engine oil at its centre. The passage of oil in a combustion 
engine is typically 6 mm diameter. The details of analysing the fast neutron transmission 
in the object is explained in subsection 4.4. lb. The output for half of the 10 mm central 
part of the object is displayed in tables 4.53 and 4.53a and Fig 4.21. The results were 
repeated for the other half and used as one projection consisting of 23 raysums with 
1mm intervals. Fig 6.14 shows the projection for one angle of rotation. Twenty such 
projections were repeated for every 9 degrees of rotation since the object was 
symmetrical. The image of the 23 mm diameter sphere of the central engine was then 
reconstructed in a matrix of 23 X 23 pixels presented in Fig 6.18. The line scan of the 23 
mm diameter sphere of the central engine is displayed in Fig 6.15.
The same procedure was applied to investigate the detection of 6mm of engine oil in a 
thicker Al object of 40cm diameter. The tomographic image of this object was 
produced from the projection data of table 4.54 which are presented as a graph in 
Fig 6.16. The tomograph is shown in Fig 6.19 and its central line scan is displayed in 
Fig 6.17.
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6.5.2 Results and discussion
The tomographic images displayed in Figs 6.18 and 6.19 both exhibited a remarkable 
contrast between engine oil and aluminum combustion engine. We applied a point 
source at 500 mm distance from the centre of the object for the projection. Therefore 
the image between the border of the two media appeared at pixel number 3 from the 
centre as shown in Fig 6.18. In the tomograph of 40cm diameter engine, the border 
between oil and Al appeared at pixel number 5. This is due to the using a point source 
that magnifies the image. This is shown in Fig 6.19.
The value for the contrast between oil and Al engine in the tomographic image is 0.35 
which is a significant value for the detection of only 3mm oil in 200cm Al. This was 
obtained from the values of the macroscopic cross sections of oil and Al that are 
displayed in the central line scan in Fig 6.15. In terms of optimum energy for detection 
of oil in Al, neutrons of energy less than 30 keV detect less than 0.2 mg/g of oil in Al 
as shown in Fig 4.22.
The line scans of the central line of both tomographs (Fig 6.15 and 6.17) represent a 
higher macroscopic cross section for oil than for the aluminum matrix. The variation of 
the macroscopic cross section within oil and aluminum in the centre of the scan is due 
to the low number of neutrons which produces large fractional standard deviation 
through the thick part of the object at the position of the detectors. The variance on the 
image reconstructed by using the filtered back projection algorithm is proportional to 
the variance of the raysums (KOU. 82)
ct;2 = a r2 ( tc/ 12 A12M) 
where a r is the variance of the raysums, Al is the spatial sampling interval and M is the 
number of projections. For the same number of projections and the same spatial 
sampling interval, the statistical error of the reconstructed image can be improved by 
reducing the statistical error of the raysums. This can be done by increasing the number
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Fig.(6.14) Transmission ratio of fast neutrons through an Al cylinder with
3 mm oil passage at its centre ( projection at 0 degree)
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Fig 6.16 Transmission ratio of fast neutrons through 40 cm Al cylinder with
6mm diameter oil passage at its centre ( projection at 0 degree)
Detector position (mm)
U  * 1 * 1 * J  ___________
-10.0 0.0 10.0 20.0 30.0
Pixel number.
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aluminium combustion engine
F ig  (6 18)Simulated tom ograph o f  3mm engine oil passage in 20 cm diameter o f  an
O
Fig 6.19 Simulated tomograph of 6mm oil passage in 40 cm diameter of Aluminium
of neutrons and therefore longer computer time will be required to produce an image 
with minimum statistical error.
6.6 Conclusion
The tomographic images of 8 different biological and industrial matrices have been 
simulated by reconstructing the transmitted fast neutrons through these media at several 
angle intervals. The neutron source was assumed to be a U235 reactor source with an 
energy range of ltP -lo V v . It was found that 5mm diameter of bone marrow is clearly 
detectable in 10mm diameter of bone and 60mm diameter of tissue. The contrast for the 
detection of bone in tissue was found to be 0.41 and that for bone marrow in bone 
0.13. The tomographic image of 150mm brain tissue in 6mm typical thickness of skull 
also distinguished brain in skull. The contrast for the detection was found to be 0.1. In 
detecting 3mm passage of engine oil in a 200mm thick Al engine, the simulated 
tomograph detected the engine oil in the Al engine with a significant contrast of 0.35.
Due to the use of a a multi-energetic neutron source, it was found that the results for 
the macroscopic cross section do not correspond to a unique energy but depend on all 
energy groups and the fraction of neutrons in each group. Our purpose of using multi- 
energetic neutron source for this work was to investigate the optimum neutron energy 
for detection of a particular impurity in a matrix.
The accuracy of the tomograph depends on the position of the source. It was found 
that a point source near the volume objects magnifies the image. Therefore for the good 
resolution in imaging a big object use of a very strong neutron source at a long distance 
from the object is essential. This provides an almost parallel neutron source with a 
convenient flux at the object position.
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Chapter 7 
Conclusion
Fast neutron tomography improves inspection capabilities of neutrons which may be 
used in quality control and quality assurance for maintaining the reliability of products 
and for detecting internal defects and cracks in large matrices. Local irregularities in 
elemental composition in various biological organs can also be detected in large cross 
sections of the body by tomographic imaging using fast neutrons in transmission. In this 
work simulation tomography has been applied to investigate . the ability of fast 
neutrons in the inspection of voluminous objects.
It has been found that a one second exposure of fast neutrons from the U-235 fission 
spectrum with an energy range of (104-107eV) and flux of 50000 nemos'1 is sufficient to 
image impurities as small as 3 mm thickness of engine oil in 400 mm diameter of an Al 
object (casing).
In a preliminary study using monoenergetic neutrons which was based on the 
measurement of the change in the neutron macroscopic cross section of a matrix due to 
the existence of an impurity, an equation for the calculation of the minimum detectable 
mass and length fraction of the impurity was developed. An expression to calculate the
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required number of neutrons to detect the impurity with a certain statistical error 
(precision) in a defined thickness of object was also derived. In the calculation of the 
transmission of the monoenergetic neutrons tlirough several media neutrons of 
O.OOleV, 0.025 eV and 14.0MeV energy were considered. It was found that due to the 
relatively high mass attenuation coefficient of water at all three neutron energies the 
detectable mass fraction for the majority of the elements in water tends towards a value 
of -f where f  is the fractional change in the mass attenuation coefficient of water. The 
presence of an element of high mass attenuation coefficient in a low attenuating matrix 
can be detected with a minimum detectable mass fraction approaching 10'4 f  for 
thermal, cold and fast neutrons. The value of “ f  ” can be as low as 10'4 for neutrons; 
for a modest value of f  =0.01 the determination of the concentrations in the parts per 
million (pg/g) range is possible. This has been found by calculating the detectable mass 
fraction of hydrogen in metals and other matrices. Fast neutrons can determine 
quantities of light elements such as carbon (C), oxygen (O), nitrogen (N) and hydrogen 
(H) in a volume element. Although hydrogen is much more easily detected by thermal 
neutrons, thermal neutrons will not penetrate sufficiently a very large object. Therefore 
it is proposed that fast neutrons should be used for the detection of a variety of defects 
in light objects this has considerable potential for industrial applications like inspection 
of the aluminium honeycomb and graphite composites in commercial aircraft, as well 
as for the detection of light elements in heavy and bulky objects which is not possible 
by photons, as for example in the detection of illicit substances in luggage and other 
containers. Possible uses also include biomedical applications such as inspection of 
abnormalities inside the bone or bone marow and detection of tumor in spine
(This is from malignant tumors of Hodgkin’s sarcoma, which is different from 
Leukaemia in chapter4 (DUH.83).
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A study was conducted on the simulation of objects in order to calculate the 
transmission of multienergetic neutrons through the medium of interest. It was found 
that the complex geometry of industrial and biological objects and the structure of a 
system for tomography or radiography can be constructed and designed by using the 
MORSE-CGA Monte Carlo code. The technique provides the facility for calculating 
neutron transmission and scattering through a simulated object and system at the 
detector positions. It was essential to apply the combinatorial geometry module to 
display two dimensional slices through the specified simulated object before 
running the program for the neutron transmission calculations. This determines if there 
are any mistakes in the specification of the input geometry. It was also helpful to apply 
cross section modules in the MORSE code in order to calculate the neutron 
macroscopic cross sections beforehand. This saved the need for a big memory to run 
the program for the transmission calculations. This initial study
• developed the techniques for designing and constructing the input geometry of the 
objects and structures of interest to conform to the operational requirement of the 
MORSE code,
• prepared of a computer program to convert a multienergetic neutron source to the 
same group structure of the DLC-100 groups neutron cross section library and,
• modified the MORSE code for our neutron transport calculations.
Investigations have been conducted specifically in medical applications of neutron 
tomography. Bone was found to be more transparent to neutrons than to photons. 
Changes in the tissue inside the bone structures like marrow and brain, hence may also
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be distinguished better by neutron than by photon transmission measurment. In 
comparing fast neutron attenuation coefficients of red and yellow marrows it was found 
that both have almost the same macroscopic cross section for the fast neutrons of the 
U-235 fission source. Bone had the highest macroscopic cross section compared to 
those of both red bone marrow and yellow bone marrow. The macroscopic cross 
section of bone has maximum values for energies between 0.1 MeV to 0.4 MeV 
because of the presence of calcium in bone. Macroscopic cross sections of bone and 
bone marrow have maximum values for energies greater than 1 MeV because of the 
amount of oxygen and nitrogen found in both materials. Therefore the neutron 
spectrum of the transmitted fast neutrons of a U-235 fission source can specify the 
concentration of O, Ca, or N elements in bone or bone marrow. The analytical results 
of the ratio of transmitted neutrons in bone and bone marrow also detected bone 
marrow in bone with a significant contrast of 5.
Compared to both bone and bone marrow, soft tissue had the lowest macroscopic 
cross section values for fast neutrons. The analytical results for the transmission of fast 
neutrons in soft tissue, bone and bone marrow differentiated bone marrow in bone and 
tissue with an excellent contrast of 14.6 for bone in tissue and 3.5 for bone marrow in 
bone. The simulation of neutron transmission tomography in this work has illustrated 
that 5mm diameter of bone marrow is clearly differentiable in 10mm diameter of bone 
and 60mm diameter of soft tissue. The contrast for detection of bone in the soft tissue 
in tomograph was found to be 0.41 while for bone marrow in bone it was 0.13. The 
contrast in tomograph is less than the one obtained from the results of the transmitted 
neutrons since it is the logarithm of the transmission ratio.
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In an investigation for detection of cancerous bone marrow in the body, the minimum 
detectable masses of Zn, Cu and Ni, which have higher concentration in cancerous 
marrow, were not less than lOmg/g that is higher than the concentration of these 
elements in cancerous bone marrow (less than 0.00043 mmol/g) (SCH. 93).
For the determination of the mineral concentration in the bone, the minimum detectable 
masses of calcium and phosphorus in bone were both found to be 10 mg/g. The 
optimum neutron energies for detection of Ca in bone were 0.12, 0.16, 0.18, 0.82 and 
1.18 MeV while for phosphorus it was 0.14MeV. It is therefore possible to measure the 
ratio of Ca/P in bone, which is important for the metabolism of bone by the neutron 
transmission technique. The elements F and Na were also detectable by this technique. 
Other trace elements in bone have concentrations less than lOmg/g, and hence can not 
be detected by this method.
The ability of fast neutrons to detect brain tissue in the skull was studied by comparing 
the macroscopic cross sections of brain and those of skull. The results exhibited that, 
unlike the case of soft tissue, which has a much lower macroscopic cross section than 
bone, the values for the macroscopic cross sections of brain tissue are larger than 
those for skull. There was a sharp difference between the macroscopic cross sections 
of skull and brain for energies less than 0.5 MeV. The macroscopic cross sections of 
brain and skull have maximum values for energies 0.45 MeV, 1 MeV and 2.5MeV. To 
examine penetration of neutrons through the entire brain and skull, analytical results for 
the ratio of transmitted fast neutrons through the skull and the mixture of brain and
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blood distinguished skull from the brain tissue with an excellent contrast of 14.5. The 
fraction of standard deviations at the position of the detectors at the central parts of the 
brain were found to be very high because of the low number of neutrons resulting 
from the attenuation of neutrons through the thickest part of the brain. The values for 
the ratio of transmitted neutrons varied from 0.3660+0.0018 to 0.019+0.007 from the 
side to the centre of the skull and brain. These results were obtained for a flux of only
50000 ncm'V1. The flux of 10^ ncm'V1 produces an acceptable standard deviation but 
requires more computing time. The simulation neutron transmission tomographs 
obtained from skull and brain have distinguished 150mm brain tissue in 6mm typical 
thickness of the skull. The contrast between the image of brain and skull on the 
tomograph was 0.1. All the above calculations as well as those bellow have implication 
regarding boron neutron capture therapy.
The analytical results obtained to investigate the detection of a brain tumor showed the 
same macroscopic cross section for brain tumor and brain tissue. Furtherore the output 
of the ratio of fast neutron transmission in a simulated malignant brain tissue did not 
identify brain tumor from brain tissue.
To explore the ability of fast neutrons to measure concentrations of boron in an injected 
brain and brain tumor, for neutron capture therapy of the brain tumor, our results 
indicated that,
• the injected brain tumor had almost the same macroscopic cross section as that of 
the injected brain,
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• boron had slightly lower fast neutron macroscopic cross sections compared with the 
values for both brain and tumor,
• the minimum detectable mass of boron by fast neutrons of more than 104 eV energy 
was not less than lOmg/g.
It follows that boron in the injected brain and tumor with a concentration of the order 
of pg/g can not be detected by transmitted fast neutrons.
Concerning the detection of the function of water increase in the brain as obtained in 
sporadic Alzheimer’s disease (STE. 97), the minimum detectable mass of water in brain 
was calculated. The results detected 0.6 mg/g of water in the brain by neutrons of 0.4 
MeV, for a modest value of detectability of £=0.01. The fast neutron transmission 
method can therefore detect the presence of water in the brain at an early stage of 
disease.
The other area of interest in this work was the inspection of industrial objects. The 
ability of neutrons to image hydrogen-containing materials such as plastics, rubbers, 
explosives, water and corrosion products can make neutron tomography a useful non­
destructive evaluation tool for use in a variety of industrial activities.
In a few studies for inspection of industrial objects by transmitted fast neutrons 
detection of engine oil in combustion engine was explored. Engine oil exhibited much 
higher macroscopic cross section values than those of the aluminium engine body. The 
remarkable difference between the macroscopic cross section of oil and that of 
aluminium and the transparency of Al for fast neutrons make the fast neutron
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transmission technique an excellent method for the detection of any thin passage of oil 
in a voluminous aluminium engine. Analytical results for the ratio of the transmitted 
fast neutrons through 200mm diameter of a typical combustion engine indicated a 
remarkable change in the ratio of the transmitted neutrons due to the existence of the 
3 mm diameter of the oil passage. The intensity through the engine with the passage of 
oil was 0.4 times less than that without the oil. The simulation tomograph obtained 
from transmission of fast neutrons indicated the passage of the oil in the engine with a 
remarkable contrast of 0.35.
Calculations for comparing the transmission of neutrons in the iron and the aluminium 
parts of the engine showed no considerable difference between their respective 
macroscopic cross sections for neutron energies from 5 to 7 MeV. For energies less 
than 5 MeV, the values for iron were found to be higher than aluminium. One 
concludes that Al cannot be detected in iron by fast neutrons.
The energy variations of the minimum detectable mass of oil in Al and Fe indicated 
23keV as the optimum value for neutron energies. This corresponds to a detectability 
of 0.1 mg/g of oil in iron and in aluminium separately. The minimum detectable mass 
of oil in an iron object is less than that in an aluminium one for neutron energy range of 
2xl04 to 107 eV. However by contrast, aluminium has a lower fast neutron 
macroscopic cross section than that of iron due to its lower density and hence oil is 
detectable in bigger aluminium objects than in iron ones.
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Due to the use of a multienergetic neutron source it was found that the results for the 
macroscopic cross section obtained from simulated tomographs did not correspond to a 
unique energy but depended on all energy groups and on the fraction of neutrons in 
each group. In practice using a monoenergetic neutron source with an optimum energy 
for the object of interest quantifies the composition of the object with more accurate 
results. Our use of multienergetic source provide the opportunity to determine the 
optimum neutron energy for detection of the particular impurities in objects of interest.
The accuracy of the tomograph for obtaining macroscopic cross section distribution 
depends on the position of the source. It was found that a point source near the volume 
objects magnifies the image. Therefore for the detection of impurities with a good 
resolution in a big object use of a very strong neutron source at a long distance from 
the object is essential. This provides an almost parallel neutron source with a 
convenient flux at the object position.
In this work a simple collimator to provide parallel neutron source, a neutron 
tomography chamber for neutron tomography or radiography, and a collimator for 
brain scanning was simulated. The data for constructing these systems can be used to 
calculate the effect of scattering from them at any point of the image position.
In a general study to evaluate the feasibility of practically implementing work on fast 
neutron tomography the most recent literature on fast neutron detectors was reviewed. 
It was found that the major obstacles to the practical realization of non-destructive 
testing for widespread applications in non-destructive evaluation of materials has been 
the neutron source, position-sensitive detectors and image data processing. Access to 
nuclear reactors is limited, and images made from accelerators and isotope sources are 
limited by source flux in present detector configurations. Tomographic detector 
systems relying of film and converter foils are severely limited by combination of data- 
handling facilities and poor resolution. These systems are not generally applied to
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practical, non-destructive evaluation, due to their complexity, cost and the enormous 
time required for acquisition and reconstruction of a single image.
The system of large arrays of individual detectors has overcome past obstacles. It 
consist of a position sensitive detector system using a scintillator screen and a cooled 
charge device (CCD) camera. With sensitivity to single neutrons, the CCD-based 
system can produce images from lower source fluxes. The spatial resolution is limited 
by the scintillator screen and beam divergence. A prototype optimised system is capable 
to achieve the resolution and conntrast which could be as low as 10pm. The size of the 
object that can be studied with a single exposure increases in proportion to the number 
of detectors. The time required to image a large structure will be reduced by the same 
factor too.
Scattered neutrons significantly distort the image contrast of the neutron radiographs 
or neutron tomographs in transmission. Much work still remains to be conducted on the 
calculation of the scattered neutrons in detector positions. The output of numerous 
counters in MORSE permits the calculation of scattered neutrons as a function of 
energy at any position of the image. This means that by simulating the objects of 
interest the value for the scattered neutrons can be estimated and corrected at the any 
point of the image. This corrected data allows an image reconstruction without the 
blurring effect of scattering. This opens up possibilities to image big objects by using 
arrays of detectors and simultaneously imaging all the scans in one projection so that 
one could develop short time tomography of large objects.
The success of the treatment of brain tumor by boron neutron capture therapy depends 
on tumor location, boron concentration (in the tumor and the brain) and neutron 
fluence and energy. Boron cannot be detected by fast neutrons as was mentioned 
before, but it is detectable with excellent resolution by thermal neutrons. Therefore an
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optimum neutron energy needs to be used for radiotherapy so that the scattered 
neutrons are focused and thermalised at the tumor. MORSE code may be used to 
calculate the energy and number of neutrons at each point of brain or tumor. Much 
work needs to be conducted for a technique to determine the optimum neutron energy 
which can be thermalised at the tumor position for neutron therapy. The optimum 
energy depends on the position of the tumor. Then the MORSE code may also be 
modified to analyse the optimum neutron energy to detect the position of the tumor by 
neutron absorption and prompt gamma ray emission measurements.
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Appendix 1
The microscopic cross section curve for elements Zn, Cu and Ni
The energy variations of the microscopic cross section of Zn for fast neutrons
En (keV)
+ -1-
' I
‘"im
IMbAlitfllllllf e r i miimiMiimi
30 Zn o r
83 ANL Po 
74 MNA Bu 
71 BNW Fo 
71 KOS An 
67 W1S Ca 
61 LVN De 
60 HAR Me 
60 LRL Pe
58 COL We 
58 LRL Br 
58 UMX Ma 
54 LAS Ne 
50 BRK Hi 
49 BRK Co
EYE GUIDE
En (MeV)
271
En (keV)
cT 
(b)
The energy variations of the microscopic cross section of Cu for fast neutrons
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Appendix 2
macroscopic cross section and mean free path data for C and Li
(TABLE. 1)MEAN FREE PATH (M.F.P) AND MACROSCOPIC CROSS 
SECTION(SIGT)OF NEUTRONS FOR (CARBON)
ENERGY(eV) SIGT(cm-l) M.F.P(cm)
0.1492E+08 0.1451E+00 0.6892E+01
0.1350E+08 0.1501E+00 0.6662E+01
0.1221E+08 0.1544E+00 0.6477E+01
0.1105E+08 0.1364E+Q0 0.7331E+01
0.1000E+08 0.1387E+00 0.7210E+Q1
0.9048E+07 0.1270E+00 0.7874E+01
0.8187E+07 0.2128E+00 0.4699E+01
0.7408E+07 O.I040E+00 0.9615E+01
0.6703E+07 0.1370E+00 0.7299E+01
0.6065E+07 0.1220E+00 0.8197E+01
0.5488E+07 0.1335E+00 0.7491E+01
0.4966E+07 0.1583E+00 0.6317E+01
0.4493E+07 0.2178E+00 0.4591E+01
0.4066E+07 0.2401E+00 0.4165E+01
0.3679E+07 0.2866E+00 0.3489E+01
0.3329E+07 0.2011E+00 0.4973E+01
0.3012E+07 0.2462E+00 0.4062E+01
0.2725E+07 0.1842E+00 0.5429E+01
0.2466E+07 0.1781E+00 0.5615E+01
0.2231E+07 0.2115E+00 0.4728E+01
0.2019E+07 0.1928E+00 0.5187E+01
0.1827E+07 0.2062E+00 0.4850E+01
0.1653E+07 0.2201E+00 0.4543E+01
0.1496E+07 0.2343E+00 0.4268E+01
0.1353E+07 0.2483E+00 0.4027E+01
0.1225E+07 0.2626E+00 0.3808E+01
0.1108E+07 0.2780E+00 0.3597E+01
0.1003E+07 0.2918E+00 0.3427E+01
0.9072E+06 0.3063E+00 0.3265E+01
0.8209E+06 0.3197E+00 0.3128E+01
0.7427E+06 0.3337E+00 0.2997E+01
0.6721E+06 0.3475E+00 0.2878E+01
0.6081E+06 0.3590E+00 0.2786E+01
0.5502E+06 0.3708E+00 0.2697E+01
0.4979E+06 0.3822E+00 0.2616E+01
0.4505E+06 0.3931E+00 0.2544E+01
0.4076E+06 0.4034E+00 0.2479E+01
0.3688E+06 0.4131E+00 0.2421E+01
0.3337E+06 0.4222E+00 0.2369E+01
0.3020E+06 0.4307E+00 0.2322E+01
0.2732E+06 0.4387E+00 0.2279E+01
0.2472E+06 0.4461E+00 0.2242E+01
0.2237E+06 0.4529E+00 0.2208E+01
0.2024E+06 0.4593E+00 0.2177E+01
0.1832E+06 0.4652E+00 0.2150E+01
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Table 1 continued
ENERGY(eV) 
0.1657E+06 
0.1500E+06 
0.1357E+06 
0.1228E+06 
0.1111E+06 
0.8652E+05 
0.6738E+05 
0.5248E+05 
0.4087E+05 
0.3183E+05 
0.2479E+05 
0.1930E+05 
0.1504E+05 
0.1171E+05 
0.9119E+04 
0.7102E+04 
0.5531E+04 
0.4308E+04 
0.3355E+04 
0.2613E+04 
0.2035E+04 
0.1585E+04 
0.1234E+04 
0.9611E+03 
0.7485E+03 
0.5830E+03 
0.4540E+03 
0.3536E+03 
0.2754E+03 
0.2145E+03 
0.1670E+03 
0.1301E+03 
0.1013E+03 
0.7890E+02 
0.6145E+02 
0.4785E+02 
0.3727E+02 
0.2902E+02 
0.2260E+02 
0.1760E+02 
0.1371E+02 
0.1068E+02 
0.8316E+01 
0.6476E+01 
0.5044E+01 
0.3928E+01 
0.3059E+01 
0.2382E+01 
0.1855E+01 
0.1445E+01 
0.1125E+01 
0.8765E+00 
0.6826E+00 
0.5316E+00 
0.4140E+00
SIGT(cm-l)
0.4705E+00
0.4754E+00
0.4800E+00
0.4842E+00
0.4907E+00
0.4986E+00
0.5049E+00
0.5098E+00
0.5137E+00
0.5167E+00
0.5191E+00
0.5209E+00
0.5223E+00
0.5234E+00
0.5243E+00
0.5250E+00
0.5255E+00
0.5259E+00
0.5262E+00
0.5265E+00
0.5267E+00
0.5268E+00
0.5269E+00
0.5270E+00
0.5272E+00
0.5272E+00
0.5273E+00
0.5274E+00
0.5274E+00
0.5274E+00
0.5274E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5275E+00
0.5276E+00
0.5276E+00
0.5276E+00
0.5276E+00
0.5276E+00
0.5276E+00
0.5276E+00
0.5276E+00
0.5276E+00
0.5276E+00
0.5277E+00
M.F.P(cm)
0.2125E+01
0.2103E+01
0.2083E+01
0.2065E+01
0.2038E+01
0.2006E+01
0.1981E+01
0.1962E+01
0.1947E+01
0.1935E+01
0.1926E+01
0.1920E+01
0.1915E+01
0.1911E+01
0.1907E+01
0.1905E+01
0.1903E+01
0.1902E+01
0.1900E+01
0.1899E+01
0.1899E+01
0.1898E+01
0.1898E+01
0.1898E+01
0.1897E+01
0.1897E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1896E+01
0.1895E+01
0.1895E+01
0.1895E+01
0.1895E+01
0.1895E+01
0.1895E+01
0.1895E+01
0.1895E+01
0.1895E+01
0.1895E+01
0.1895E+01
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(TABLE. 2)MEAN FREE PATH (M.F.P) AND MACROSCOPIC CROSS
SECTION(SIGT) OF NEUTRONS FOR LITHIUM
ENERGY(eV) SIGT(cm-l) M.F.P(cm)
0.1492E+08 0.755IE-01 0.1324E+02
0.1350E+08 0.7997E-01 0.1250E+02
0.1221E+08 0.8456E-01 0.1183E+02
0.1105E+08 0.889IE-01 0.1125E+02
0.1000E+08 0.9293E-01 0.1076E+02
0.9048E+07 0.9654E-01 0.1036E+02
0.8187E+07 0.997IE-01 0.1003E+02
0.7408E+07 0.1028E+00 0.9728E+01
0.6703E+07 0.1057E+00 0.9461E+01
0.6065E+07 0.1081E+00 0.9251E+01
0.5488E+07 0.1105E+00 0.9050E+01
0.4966E+07 0.1125E+00 0.8889E+01
0.4493E+07 0.U39E+00 0.8780E+01
0.4066E+07 0.1141E+00 0.8764E+01
0.3679E+07 0.1119E+00 0.8937E+01
0.3329E+07 0.1061E+00 0.9425E+01
0.3012E+07 0.974IE-01 0.1027E+02
0.2725E+07 0.9026E-01 0.1108E+02
0.2466E+07 0.8381E-01 0.1193E+02
0.2231E+07 0.7849E-01 0.1274E+02
0.2019E+07 0.7339E-01 0.1363E+02
0.1827E+07 0.6835E-01 0.1463E+02
0.1653E+07 0.6590E-01 0.1517E+02
0.1496E+07 0.6517E-01 0.1534E+02
0.1353E+07 0.6540E-01 0.1529E+02
0.1225E+07 0.6629E-01 0.I509E+02
0.1108E+07 0.6764E-01 0.1478E+02
0.1003E+07 0.6945E-01 0.1440E+02
0.9072E+06 0.7181E-01 0.1393E+02
0.8209E+06 0.7476E-01 0.1338E+02
0.7427E+06 0.7844E-01 0.1275E+02
0.6721E+06 0.8312E-01 0.1203E+02
0.6081E+06 0.8934E-01 0.1119E+02
0.5502E+06 0.9772E-01 0.1023E+02
0.4979E+06 0.1090E+00 0.9174E+01
0.4505E+06 0.1258E+00 0.7949E+01
0.4076E+06 0.1514E+00 0.6605E+01
0.3688E+06 0.1929E+00 0.5184E+01
0.3337E+06 0.2634E+00 0.3797E+01
0.3020E+06 0.3818E+00 0.2619E+01
0.2732E+06 0.5304E+00 0.1885E+01
0.2472E+06 0.5532E+00 0.1808E+01
0.2237E+06 0.4021E+00 0.2487E+01
0.2024E+06 0.2599E+00 0.3848E+01
0.1832E+06 0.1777E+00 0.5627E+01
0.1657E+06 0.1340E+00 0.7463E+01
0.1500E+06 0.1099E+00 0.9099E+01
0.1357E+06 0.9594E-01 0.1042E+02
0.1228E+06 0.8752E-01 0.1143E+02
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Table % continued
ENERGY(eV)
0.1111E+06
0.8652E+05
0.6738E+05
0.5248E+05
0.4087E+05
0.3183E+05
0.2479E+05
0.1930E+05
0.1504E+05
0.1171E+05
0.9119E+04
0.7102E+04
0.5531E+04
0.4308E+04
0.3355E+04
0.2613E+04
0.2035E+04
0.1585E+04
0.1234E+04
0.9611E+03
0.7485E+03
0.5830E+03
0.4540E+03
0.3536E+03
0.2754E+03
0.2145E+03
0.1670E+03
0.1301E+03
0.1013E+03
0.7890E+02
0.6145E+02
0.4785E+02
0.3727E+02
0.2902E+02
0.2260E+02
0.1760E+02
0.1371E+02
0.1068E+02
0.8316E+01
0.6476E+01
0.5044E+01
0.3928E+01
0.3059E+01
0.2382E+01
0.1855E+01
0.1445E+01
0.1125E+01
0.8765E+00
0.6826E+00
0.5316E+00
0.4140E+00
SIGT(cm-l)
0.8019E-01
0.7653E-01
0.7694E-01
0.7937E-01
0.8319E-01
0.8808E-01
0.9392E-01
0.1008E+00
0.1087E+00
0.1178E+00
0.1281E+00
0.1398E+00
0.1532E+00
0.1684E+00
0.1856E+00
0.2052E+00
0.2274E+00
0.2525E+00
0.2810E+00
0.3133E+00
0.3500E+00
0.3915E+00
0.4385E+00
0.4918E+00
0.5522E+00
0.6207E+00
0.6984E+00
0.7863E+00
0.8860E+00
0.9988E+00
0.1127E+01
0.1272E+01
0.1436E+01
0.1622E+01
0.1833E+01
0.2072E+01
0.2343E+01
0.2650E+01
0.2998E+01
0.3392E+01
0.3839E+01
0.4345E+01
0.4919E+01
0.5569E+01
0.6306E+01
0.7140E+01
0.8086E+01
0.9157E+01
0.1037E+02
0.1175E+02
0.2725E+02
M.F.P(cm)
0.1247E+02
0.1307E+02
0.1300E+02
0.1260E+02
0.1202E+02
0.1135E+02
0.1065E+02
0.9921E+01
0.9200E+01
0.8489E+01
0.7806E+01
0.7153E+01
0.6527E+01
0.5938E+01
0.5388E+01
0.4873E+01
0.4398E+01
0.3960E+01
0.3559E+01
0.3192E+01
0.2857E+01
0.2554E+01
0.2281E+01
0.2033E+01
0.1811E+01
0.1611E+01
0.1432E+01
0.1272E+01
0.1129E+01
0.1001E+01
0.8873E+00
0.7862E+00
0.6964E+00
0.6165E+00
0.5456E+00
0.4826E+00
0.4268E+00
0.3774E+00
0.3336E+00
0.2948E+00
0.2605E+00
0.2301E+00
0.2033E+00
0.1796E+00
0.1586E+00
0.1401E+00
0.1237E+00
0.1092E+00
0.9643E-01
0.8511E-01
0.3670E-01
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